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Thermal Conductivity of Liquid Helium II in Very Narrow Channels* 
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Thermal conduction in liquid helium II involves a counterflow of the normal and superfluid components, 
and in very narrow channels of width 10-4 cm or less the dominating factor is the viscosity of the normal 
component. Near 1°K, however, the phonon mean free path becomes comparable with the channel width 
and the phonons therefore pass more readily through the channel. This effect is calculated and shown to 
be in qualitative agreement with the available experimental results, which are not very accurate 


1, INTRODUCTION 


ROESE van Groenou, Poll, Delsing, and Gorter! 
have recently made careful measurements of the 
thermal conductivity of liquid helium IT in narrow 
channels ranging in width from 710~° cm to 21074 
cm. The mechanism of thermal! conduction is a counter- 
flow of the normal and superfluid components and, for 
sufficiently narrow channels and sufficiently small tem- 
perature gradients, the dominant factor is the viscosity 
nn of the normal component. Under these circumstances, 
Gorter and Mellink? have shown that the heat current 

density is 

pSTa 
grad7, (1) 
2nn 


where p is the total liquid density, S the entropy, and 
d the channel width. Broese van Groenou et al. applied 
this formula to their measurements and deduced values 
of m, in the temperature range 1.1°K to 2°K. The 
accuracy was limited by the difficulty of measuring the 
small channel width d, but the results are in satisfactory 
order of magnitude agreement with direct measure- 
ments on the bulk liquid, except that the bulk viscosity 
rises rapidly as the temperature decreases towards 1°K, 
whereas the viscosity deduced from the measurements 
in narrow channels rises very slowly, if at all (Fig. 1). 
The purpose of the present paper is to argue that this 
last discrepancy is a consequence of mean-free-path 
* Supported by a grant from the National Science Foundation 
1 Broese van Groenou, Poll, Delsing, and Gorter, Physica 22, 


905 (1956). 
2. J. Gorter and J. H. Mellink, Physica 15, 285 (1949). 
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effects and can readily be explained in terms of current 
concepts of the origin of the normal viscosity 

The most satisfactory theory of the viscosity is due 
to Landau and Khalatnikov.’ They visualize the normal 
component as an ideal gas of phonons and rotons, and 
their calculation is very similar to the classical kinetic 
theory calculation of the viscosity of an ideal gas of 
atoms, the phonons and rotons taking the place of the 
atoms. Their expression for the viscosity is analogous 
to the kinetic theory formula, but with separate con 
tributions from the phonons and rotons: 


Nn fotprdrl, + 0.07 Pontl pn, 


where p, is the contribution of the rotons to the density 
of the normal component, #, is the mean thermal 
velocity of a roton, and J, is the roton mean free path, 
Similar quantities with the suffix ph refer to the 
phonons and 0, is, of course, the velocity of sound ¢, 
In a roton-phonon collision, the roton behaves like a 
heavy particle and the phonon like a light particle. 
Also, rotons are more numerous than phonons above 
1°K. It therefore turns out that a roton free path is 
terminated in an overwhelming majority of cases by a 
collision with another roton, whereas a phonon free 
path is usually terminated by a collision with a roton. 
Moreover, in wide channels the heavy rotons drag 
along the light phonons and the two drift velocities are 
identical, a situation which is implicitly assumed in 
Eq. (2) when the viscosity is written as the sum of 


phonon and roton contributions 


47. D. Landau and I. M. Khalatnikov, J. Exptl, Theoret. Phys 
U.S.S.R. 19, 637, 709 (1949), ° 
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Fic. 1. Calculated values of the effective viscosity for thermal 
conduction in channels of width d= 10~*, 10-4, and 10-* cm. The 
vertical arrow adjacent to each curve indicates the temperature 
at which the phonon mean free path is equal to the channel width 
The curve for the bulk liquid is based on the measurements of W 
J. Heikkila and A. C. H. Hallett (Can. J. Phys. 33, 420 (1955) | 
The points & were derived by Broese van Groenou et al.! from 
thermal conduction measurements in slits of width ranging from 
7*%10~* cm to 2K 1074 cm. 


At 1.9°K, lL, is about 6X10~* cm and 1,, about 10~° 
cm, so that no mean free path effects are to be expected 
in channels of width 10~* cm. However, at 1.1°K, /, is 
about 2X10~° cm and /,, about 5X10~4 cm, so we 
encounter the interesting situation of mean-free-path 
effects for the phonons, but not for the rotons. We 
might, therefore, anticipate that the roton contribution 
to n, would remain unaltered but that the phonon con 
tribution would be diminished. Since the roton con- 
tribution is independent of temperature and it is the 
phonon contribution which increases rapidly near 1°K, 
this promises to provide at least a qualitative explana- 
tion of the discrepancy discovered by Broese van 
Groenou et al, Actually, as we shall see, the situation is 
slightly more complicated and 7, loses its physical sig- 
nificance. When /,<d and 1,,>>d, the rotons can be 
treated as a separate gas undergoing viscous flow 
described by a viscosity 


"r Lot Prdel. (3) 


A phonon, however, collides with the walls many times 
before encountering another phonon or a roton; the 
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phonon gas therefore undergoes a Knudsen type of 
flow, and its drift velocity is not the same as the drift 
velocity of the roton gas. 


2. INDEPENDENT ROTON AND PHONON FLOWS 


In this section we shall assume that 1,<d, 1,,>>d, 
and that the roton and phonon gases flow independently 
of one another. The forces opposing the phonon flow 
will be assumed to be due entirely to collisions of the 
phonons with the walls and the less frequent collisions 
of the phonons with the rotons will be ignored. In the 
next section we shall make a crude estimate of the 
correction to be attributed to these phonon-roton 
collisions. 

The equation of motion of the superfluid component 
is still 

Dy, Ds 
Ds gradp+p,5 gradT =0, (4) 
Dt p 


and in the steady state 
gradp=pS gradT. (5) 


The equation of motion of the rotons is written down 
as though the phonons were nonexistent: 


Dy, Pr 


Pr a 
Dt p 


gradp— p,S, gradT +n,V’Vv,, (6) 


where 5S, is the contribution of the rotons to the entropy 
per g of the bulk liquid, p, is the contribution of the 
rotons to the normal density, and 7, is the roton vis- 
cosity as given by Eq. (3). Assuming a steady state and 
making use of Eq. (5), we have 


~ 


Pr Perr 
mV°V, = ( _— ) gradp, 7) 
p ps 


whence, in a parallel-sided channel, the average roton 
drift velocity is 


d*/pr poSt 
v.=— ( { ) gradp 
l2n,-\p pS 


7 i 
(ppeS+p,S,) gradT. (8) 
12n, 


The heat current density corresponding to this flow of 
the rotons is 


W,=pS,T?,, (9) 
pS, Ta? 
-— (prS+p.S,) gradT. 
12n, 


(10) 


The mass of the phonons striking a unit area of the 
wall per second is }p,nc. The momentum transferred 
per second to unit area of the wall is therefore } fppnctpn, 
where f=0 corresponds to completely specular reflec- 
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tion and f=1 to completely diffuse reflection. The 
equivalent pressure driving the phonons along the tube 


1S 


Pph 
gradp+p,Spn grad’ = (ppnS+p.Spn) grad7T. (11) 


p 
Therefore, 


d(ppnS | Pe ph) gradT - } fppnCUpn, ( 12) 


2d (ppnS + PeSph) Si 
Uph = — grad7’. 
[Pyne 


(13) 


The heat current density corresponding to this flow of 
the phonons is 

W pn = pSpn7 Vpn, (14) 
2pSpn Td (pppS tp ph) 


Won grad7’. (15) 


fppne 


The total heat current density due to both phonons 
and rotons is therefore given by 


Wot pS,Td? 2pSpnTd 
mite (pS t Pwr) : 
[ppne 


x (ppd + PwSpb) 


gradT 12n, 


(16) 


If the situation were mistakenly interpreted in terms 
of Eq. (1), the effective value for the viscosity of the 
normal component would be given by 


1 Se (peS + peSt) 


24S ph (ppnS+ Pw ph ) 
+ , 


17) 


Neff psn PpypwS*fcd 


Figure 1 shows values of nef, calculated in this way 
for three channel widths: 10~* cm, 10-4 cm, and 10-° cm. 
The roton viscosity , was taken to be 11.5 10~® poise 
and to be independent of temperature.’ The factor / 
was taken to be unity, which implies that the phonons 
are diffusely reflected at the walls. This is a reasonable 
assumption, since the average phonon wavelength at 
1°K is about 10~* cm, which is much smaller than the 
size of the irregularities to be expected on the walls. 
The vertical arrow adjacent to each graph indicates 
the temperature at which /,,=d. At higher tempera- 
tures and at slightly lower temperatures, the assumption 
L,,>>d is not valid and the true value of met should 
obviously be nearer to the value n, for the bulk liquid. 
Since ners has approached n, to within 10 or 20% at 
the temperatures of the arrows, this correction cannot 
appreciably alter the qualitative shape of the curves. 
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The assumption /,<d breaks down at the lower tem 
peratures (/h~4X 107° cm at 0.8°K), but at these tem 
peratures the rotons carry only a small fraction of the 
total heat current, and this again has very little effect 
on the general shape of the curves 


3. INTERACTION BETWEEN THE PHONON 
AND ROTON FLOWS 


At the lower temperatures, when /,,>>d, the calcu 
lations show that 0,,>>v,. The phonons therefore speed 
on ahead of the rotons, but occasionally a phonon 
collides with a roton and this results in a force of 
mutual interaction tending to hold back the phonons. 
We shall assume that each time a phonon collides with a 
roton it gives up all its relative momentum. On the 
average each phonon experiences c/l,, collisions per 
second and the phonon momentum destroyed per unit 
volume per second is 


F, ph Poh (Uph Ve) (¢ bon). (18) 
This quantity is a force of mutual friction per unit 
volume and it must be subtracted from the driving 


force given in Eq. (11). Since v,,>>2,, we obtain 


PphUph€ 


Ion 


I r ph— 


Substituting v,), from (13), we find 


2d 


(pon + pS pn) gradT. (20) 


F, ph = 


ph 


This is the driving force of Eq. (11) multiplied by the 
factor 2d/fl,,, which is very much smaller than unity. 
The mutual friction can therefore be ignored as long 
as 1,,>>d. When l,,~d, the analysis is obviously mus h 
more complicated and will not be attempted here. 


4. CONCLUSIONS 


The simple treatment given here therefore appears 
to be justifiable at the where 
l,n,>>d. Near the vertical arrows on Fig. 1 the values of 
nett Should be increased slightly, but ner cannot exceed 
nn, and it is clear that the figure gives a good idea of the 
qualitative shape of the curves. The viscosities deduced 
from thermal conduction measurements would not be 


lower temperatures 


expected to reproduce the rapid rise in the bulk viscosity 
n» near 1°K. Moreover, the discrepancies should become 
much more pronounced when the measurements are 
extended to temperatures just below 1°K, 
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The angular correlations of gamma-ray pairs arising from positron annihilation in various solids have 
been observed. With good resolution, measurements of these angular distributions have been made for a 
wide variety of metallic elements, several ionic salts, several insulators, and a semiconductor. Some of the 
results from metals are accountable in terms of the Fermi-gas model of conduction electrons and the 


assumption of thermalized positrons. 


Many metals exhibit angular distributions which differ singificantly from the Fermi-gas type, while 
retaining some of its features, For the noble and transition metals, however, the simple treatment is 
completely inadequate. Some possible theoretical interpretations of these distributions will be indicated. 
Measurements made on a group of alkali halides indicate the dominance of the halogen in determining the 
angular distribution, the width of which increases regularly with the chemical activity. The possibility 


of using positrons to study Pd 


H alloys has been investigated. A measurement of positron mobility in 


diamond yielded a null result, within the accuracy of the experiment. 


INTRODUCTION 


HE conduction electrons of a metal normally 

possess a kinetic energy of several ev. One would 
expect then that if a positron annihilates with an 
electron in a metal, the center of mass of the pair 
would not in general be at rest at the time of annihila- 
the principle, the 
momentum of the pair manifests itself in two ways: 


tion. Through conservation 
a slight departure from collinearity of the gammas 
would be caused by the component of momentum 
(p,) perpendicular to the direction of emission, and 
unequal distribution of the energy between the gamma 
rays (Doppler shift) would result from the momentum 
component (p;,) in the direction of emission. Quantita- 
tively these effects are: 


sind = p,/mce, (1) 


b pic, 


AE are the energies of the 
is the angle between them. 


AE: (2) 


where m?+-AE and me 


gamma rays and (r—@) 
While Z is rather difficult to measure accurately, the 
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Fic. 1. Experimental setup 


* This work was supported by a National Science Foundation 
Grant 

t National Science Foundation Fellow during the period of 
this investigation 


relative ease of measuring 6 facilitates its use in investi- 
gating electronic motion in solids. 

The first measurements of this type were made 
in 1949 by DeBenedetti, Cowan, Konneker, and 
Primakoff,! who observed the angular distribution of 
gamma pairs from Au. Since that time a number of 
investigators have applied the method to a variety 
of solids.?~® 

The question of thermalization of the positrons is 
of course of considerable importance in the interpreta- 
tion of gamma-pair angular distributions. The lifetime 
of positrons in solids has been measured, and is at least 
1.5 10~-" in all of the measured materials.” Theoretical 
treatments of thermalization time have undergone 
progressive refinement, the treatment of Lee-Whiting"™ 
yielding an estimated thermalization time of 3X10~-" in 
metals, a value considerably shorter than the annihila- 
tion lifetime. Probably the most significant supporting 
experimental result is the fact that the gamma-pair 
angular distributions from light metals are explainable 
in terms of thermalized positrons. 


EXPERIMENTAL APPARATUS 


The physical arrangement of the experimental 
apparatus is shown in Fig. 1. Each counter aperture 
is located two meters from the specimen, and is 2 mm 
wide by 12.7 cm high. The specimens are usually 1 mm 
thick; some are folded so as to have an apparent 


1 DeBenedetti, Cowan, Konneker, and Primakoff, Phys. Rev. 
77, 205 (1950). 

?P. E. Argyle and J. B. Warren, Can. J. Phys. 29, 32 (1951). 

3 J. B. Warren and G. M. Griffiths, Can. J. Phys. 29, 325 (1951). 

‘H. Mayer-Leibnitz, Z. Naturforsch. 6(a), 663 (1951). 

’Ambrosino, Houbaut, and Maignan, Compt. rend. 237, 708 
(1953). 

®R. E. Green and A. T. Stewart, Phys. Rev. 98, 486 (1955). 

7 Page, Heinberg,4Wallace, andgTrout, Phys. Rev. 98, 206 
(1955) 

8A. T. Stewart, Phys. Rev. 99, 594 (1955). 

Lang, DeBenedetti, and Smoluchowski, Phys. Rev. 99, 596 
(1955). 

 R. E. Bell and R. L. Graham, Phys. Rev. 90, 644 (1953), 

"1G. E. Lee-Whiting, Phys. Rev. 97, 1557 (1955), 
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Fic. 2. Resolution functions of the apparatus. The two extreme 
possibilities are shown for the horizontal resolution. 


thickness of 1 mm. Since the positron source is not 
incorporated in the sample, the latter is easily changed. 
The auxiliary shield prevents the fixed counter from 
seeing the radioactive material; because the counters 
are operated in coincidence, only one such shield is 
needed. In order to minimize the stability requirements 
imposed by low counting rates, an automatic device 
collects data by passing through a schedule of counter 
positions rapidly and frequently. The electronic 
apparatus is of a standard type and does not merit 
discussion here. 

It will be noted that the apparatus does not measure 
6, the angle between gamma pairs, but rather a, the 
projection of this angle on the yz plane. Since the 
vertical resolution is much broader than any observed 
angular distribution, the instrument is sensitive 
essentially only to the z component of the momentum 
of the annihilating pair. The horizontal resolution 
varies slightly with the form and density of the sample. 
Both resolutions are shown in Fig. 2. 


FERMI GAS MODEL 


The z component of the pair momentum measured in 
units of mc is equal to the angle a in radians. In angular 
distributions from polycrystalline materials, the meas- 
ured result is an average over all orientations of the 
crystal structure with respect to the apparatus. Under 
these conditions we can relate’, (,), the distribution 
in momentum, to V(p), the distribution in magnitude 
of momentum, by the following simple relation: 


s V(p) 
( 
Pz p 


The simplest model of a metal is the one in which 


N,(pz) Ip (3) 


the valence electrons are assumed to behave as a Fermi 
gas. In the approximation of zero temperature this 
model yields 

for P’<Pm 
P> Pm 
where pm=A(3no/8mr)', no being the electron density. 
If we make the simplifying assumptions that the 
positron negligible momentum and that the 
probability of annihilation is independent of electron 


Nipj=p’ 


0 for (4) 


has 
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the distribution in p, 


momentum, 
becomes 


IN. (ps) 


corresponding 
for p.’< Pe 
pi’ > Pm’. 


The relation between N, and N in this case may also 
be visualized geometrically. The occupied electronic 
states are uniformly distributed within a sphere of 
radius p,, in momentum space. The measuring apparatus 
cuts from this sphere slices which are of standard 
thickness and which are bounded by planes perpendic 
ular to the p, axis. The volume of a slice, and hence the 
number of its included electronic states, depends upon 
its distance from the origin and is proportional to 
(Pm’— p.”). The distribution has the form of an inverted 
parabola, 

On the basis of the angular distribution which each 
exhibits, the metals conveniently may be classified 
into three groups. Group A, comprising Li, Na, Be, 
Mg, Al, Ge, Sn, and Bi, have distributions composed 
of central inverted parabolas with small tails at large 
angles. Group B, comprising Ca, Ba, Zn, Cd, and 
Pb, again have the central parabolas, but have larger 
tails. The distinction between Groups A and B is 
somewhat arbitrary. The group C metals, Cu, Ag, 
Au, Fe, Co, Ni, Rh, Pd, Pt, and W, exhibit bell-shaped 
angular distributions. 

The angular distributions for most of the metals 
of group A have appeared in a previous publication.’ 
Those for the two additional members, Ge and Bi, 
are shown in Figs. 3 and 4. In fitting the theoretical 
parabolas to these data, the following procedure is 
used. Each distribution is considered to consist of a 
central parabolic part and a small tail at large angles. 
A parabola and a tail are roughly drawn through the 
experimental points. At the intersection of these 
curves, a horizontal line is drawn, forming a pedestal 
upon which the theoretical parabola is placed. The 
curves finally shown are computed parabolas adjusted 


(Pm* = p.”) 


0 for (5) 


ry 1 
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hic. 3. Angular distribution from Ge; dashed line indicates 


background of random coincidences 
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lic. 4. Angular distribution from Bi; dashed line indicates 
background of random coincidences 


in height to fit the data and in width to fit the Fermi-gas 
model, using a number of free electrons per atom equal 
to the number of the group in which the metal appears 
in the periodic table. The reason for this construction 
lies in the form of expression (3). It is apparent that 
N, must be a monotonically nonincreasing function of 
p,. Thus, if it were possible to observe separately the 
“tail-producing” type of annihilations, their N, curve 
would never have a minimum. It is of course possible 
that it would be concave downward rather than flat 
for ~p,<pm. The background caused by random coin 
cidences is shown as a horizontal dashed line in Figs. 
3 and 4. 
conductor, can be so well represented by the Fermi-gas 
model. Distributions from samples with impurity 
concentrations ranging between 10! and 10'* taken at 
-78° and +100°C displayed 
This is not 


It is interesting to note that Ge, a semi- 


temperatures between 
no noticeable differences. 
for the positrons apparently sample the entire valence 
band and are thus relatively insensitive to those few 
electrons at the band edge which have such profound 
effects upon electrical properties. 

The parabolic parts of the distributions from group-A 
metals may be made linear by plotting the counting 
rate against the square of the angle. By drawing a 
straight line through the linear region of each plot and 
finding its intersection with the pedestal found accord- 
ing to the method of the previous paragraph, we can 
determine the measured value of p,. The results of 
such operations are summarized in Table I. In the 
column “Measured valence” are shown the 
number of free electrons per atom necessary to give 
the measured p,, in the Fermi-gas model. 


unreasonable, 


labeled 


REFINEMENTS OF THE MODEL 


We now consider the possibility of refining our 
model and hence its predicted angular distribution. 
Deviations from the parabolic distribution shape 
possibly may be caused by one or more of the following 
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effects: 1. The positrons are not thermalized. 2. The 
probability of annihilation is not independent of the 
relative velocity of positron and electron. 3. The Fermi 
surface is not spherical. 4. The positrons annihilate 
with core electrons as well as with valence electrons. 
5. The positrons, although thermalized, have significant 
zero-point motion because they are confined by the 
periodic potential of the lattice (excluded-volume 
effect). 

Considering the success of the Fermi-gas model in 
the case of group-A metals, we regard (1) and (2) 
as probably unimportant. Effect (3) could hardly 
account for the high momentum values in the tails of 
group C. The'similarity of the Cu, Ag, and Au distribu- 
tions would seem difficult to reconcile with (4) since 
their core radii vary considerably (1.15a0, 1.74a9, and 
2.04a9, respectively). We certainly do not wish to 
exclude the possibility of a core-electron annihilation on 
such a meager basis, but we will concentrate our 
attention upon the application of (5). It will be found 
that this effect alone is not sufficient to account for 
all the experimental observations, although it does 
offer a possible explanation of the similarity of the 
monovalent noble-metal distributions. 

In the treatment of the excluded-volume effect, we 
adopt and extend the method developed by Primakoff.' 
In this model the core repulsions are approximated by 
assuming that there exists about each metal ion a 
spherical region of volume 2, from which the positrons 
are excluded. In the interstitial regions positrons and 
electrons are represented by plane waves. The amplitude 
for annihilation of a positron of wave number k, 
with an electron of wave number k_ and the creation of 
a gamma pair with total momentum p is given [see 
Eq. 11, reference 1] by the following expression: 


a (p) (2ar)* > ie je. 
K 
Ue 
{3 
0, 


Here r, is the radius of 2,, v is the unit cell volume, and 
the g’s are reciprocal lattice vectors. 


sin2rgr,— 2mrgr, cos2rgr, 


(2rgr,)* 


X5(k,+k_+2rg—p). (6) 


TABLE I. Comparison with the Fermi gas model. 


Measured 
valence 


Computed Measured 


Metal Group Pm 


Li 4.27 
Na 3.50 
Be 7.48 
Mg 5.27 
Al 6.74 
Ge 6.69 
Sn ‘ 6.29 
Bi f 6.21 


saul sgl all sacl eh eed 
NMRNRORK OHO 


| 


| 
| 
| 
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If now we set ky equal to zero and assign to the 
electrons a wave number distribution corresponding to 
that of a Fermi gas, it is possible to prescribe a recipe 
for finding the probability of observing a gamma pair 
of momentum p. Imagine each point of the reciprocal 
lattice (in k space) surrounded by a sphere of radius 
km, Where k» is the maximum wave number of the 
Fermi gas. For convenience we will refer to these as 
k spheres. To each k sphere assign a number ® which 
depends on the distance from the origin to its center. 
Now draw the vector p with its tail at 0. If the head 
of this vector lies within one of the k spheres, the 
probability of observing a gamma-ray pair with 
momentum p is proportional to the square of the value 
of ® associated with that sphere. If the head of the 
vector lies within more than one sphere, the respective 
values of @ must be added and the sum must be squared. 
A zero probability is indicated if the head of p does not 
lie within any k sphere. 


APPLICATION OF THE EXCLUDED VOLUME 
EFFECT TO Cu, Ag, AND Au 


We first consider the application of the preceding 
calculation to the case of Au. Here the k spheres do not 
overlap. The reciprocal lattice is body-centered cubic 
(b.c.c.). N(p) may be found by using the recipe which 
has already been described and summing over all 
orientations of the vector with magnitude p. This has 
been done for several values of the parameter 2,/v. 
A numerical treatment was used up to p,=1910~% 
mc; beyond this an approximate analytical method 
was used. A numerical integration of (3) yields the 
N,(p.) curves which, together with the experimental 
points, have been plotted in Fig. 5. Note that each 
theoretical curve consists of a central parabola (from 
the g=0 term of the probability-amplitude expression) 
which is placed on a flat-topped pedestal. The notch 
would be at least partially smoothed out for a non- 
spherical Fermi surface. There are some small irregular 
ities in the curves of the tails. These have not been 
drawn in the figure because they were not well resolved 
by the approximate numerical method used. 


Tasce II. Analysis of parabolic and gaussian parts 
of some distributions 


Metal 


Li 
Na 
Be 
Mg 
Al 
Ge 
Sn 
$i 
Ca 
Ba 
Zn 
Cd 
Pb 


RADIATION 


IN VARIOUS SUBSTANCES 


Fic. 5. Au: theoretical 
curves and experimental 
points 
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From a comparison of the theoretical and experi- 
mental points several significant conclusions may be 
drawn. In order to account for the large values of the 
experimental counting rate in the region from 5 to 10 
milliradians, one must assume an excluded volume of 
approximately jv. This is to be compared with the 
value of 0.31v which is obtained by setting r=, 
where r; is the radius of peak probability density for 
the outer electronic shell of the free ion.” The similarity 
of the measured distributions from Cu, Ag, and Au 
indicates that they would all require about the same 
value of 2, although the values of 2/0 are 0.08, 
0.19, and 0.31, respectively 

Suppose that in the three metals which we 
considering, the positron never penetrates the ions 


are 


sufficiently to see their detailed structure. ‘The external 
ionic field which it 
field characterized merely by the ionic charge. The 


would see would be a Coulomb 


similarity of the distributions would then seem reason 
able, for the ionic charge is the same in each case 
In addition, since the positron would see a Coulomb 
field, a gradual cutoff of its wave function would be 
more appropriate than the sharp cutoff which we 


postulated in the calculation. The gradually attenuated 


wave function would have reduced high-momentum 
components, and the N, calculated from it would have 
a lower value at large p,, making it a better representa 
tion of the experimental results. Here we have an 
agrgument which is at least internally consistent and 
which accounts at the same time for the general shape 
of the monovalent noble-metal distributions and the 
similarity of them. Evidence which appears to con 
tradict it, or at least its application to metals in general, 
is presented below. 

We now attempt to apply the excluded-volume model 
to the metals of groups A and B. For small values of 
v,/v it is possible to calculate \V, by an approximate 
analytical method. This yields an N, composed of a 
broad Gaussian curve surmounted by a central parabola 
57 (1930). 


127. C. Slater, Phys. Rev. 36 
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Fic. 6. Comparison of ionic volumes and 
required excluded volumes, 


The ratio of the areas of the Gaussian and parabolic 
parts is given by the following approximate expression ; 
v,/v 


A, (5\/5)xv,/0 


(7) 


-2v,/v) 20, /1 


A, O6nr(1 


The measured distributions of groups A and B 
have been resolved roughly into parabolic and Gaussian 
parts; the area ratios have been found, and the corre- 
sponding values of v,/v have been determined. The 
pertinent information is shown in ‘Table II. These 
values of the volume ratio, which should be regarded as 
about 20% accurate, have been plotted (lig. 6) against 
v,/v, which is found from the outer ionic shell radius, 
in the hope of observing some regularities. The valence 
and crystalline type have also been indicated on the 
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Fic. 7. Angular distribution from LiF. 
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ANGLE IN MILLIRADIANS 


Fic, 8. Angular distribution from NaCl. 


plot. The first noteworthy feature is that v,/v does not 
appear to increase with the ionic charge in any regular 
manner, a feature which we would expect if the positrons 
saw only the external (Coulombic) ion fields. There does 
seem to be some correlation between the two volume 
ratios, although they differ by orders of magnitude in 
some cases. ‘There is a regularity involving the crystal- 
line types. If all the points referring to material of the 
same crystalline type are joined by lines in the order of 
increasing v,/v, these lines slope generally to the right 
and are arranged as As, diamond, f.c.c., h.c.p., and 
b.c.c., in order of increasing v,/v. It appears that there 
is correlation between the volume ratios within a given 
crystalline type. 

It is apparent that our attempts to account for the 
angular distributions of annihilation radiation from 
metals leave much to be desired. We have considered 
in detail only one possible refinement of the Fermi-gas 
model, and the conclusions drawn from it do not agree 
with all the experimental results. We hope that we 
have achieved the minimum goals of provoking thought 
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Fic. 9. Angular distribution from KCl. 
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TABLE ITI. Alkali halides 


predictions of the localized treatment. 


Measured 
Material intercept 


Lik 10.9 10.6 
NaCl 8.0 
KC] s 
KI 5 6 


Predicted 
intercept 


on this subject and of indicating some possible directions 
for further work. 


ALKALI HALIDES 


A positron in an ionic crystal should be attracted to 
the negative ions. For this reason, it has been predicted! 
that the angular distribution of annihilation radiation 
from alkali halides should be determined largely by 
the halogen atoms, and should vary in width with their 
chemical activity. In order to test this prediction, 
measurements were made on LiF, NaCl, KCl, and KI. 
The Lif sample was made of several large crystals, 
each with its cleavage planes perpendicular to the 
z direction. The other three samples were polycrystalline 
aggregates with random orientation. ‘The measured 
distributions (Figs. 7-10) are more or less triangular 
in shape. If the straight sides of these curves are 
extended downward to intercept the background, the 
abscissas of these intercepts may be used to characterize 
the distribution widths. The prediction mentioned 
above seems to be verified. Ferrell!* has, in fact, 
accounted for the intercept values by considering the 
binding of a positron to a free halogen ion. His theory 
predicts an intercept at p,=14.48/a, where p, is in 
units of 10-* me and a is the Goldschmidt radius in 
angstroms. In Table III Ferrell’s predictions are 
compared with the measured values. It appears that 
the distributions are almost completely determined by 
the character of the halogen constitutent, but before 
regarding this as a closed case, one should consider the 
following argument. 

If we could compress a system in real space, its 


representation in momentum space would expand in 
the same proportion. Consider what would happen to 
the NaCl distribution if we were to squeeze or stretch 
NaCl and cause it to have the same lattice constant as 


each of the other measured materials in turn. As 
Table IV shows, the intercepts of the other three 


TABLE IV. NaC] distribution width adjusted for lattice constant 


Measured 
intercept 


Adjusted NaCl 


Material ntercept 


LiF 11.2 10.6 
NaCl ( 8.0 
KCl 7.5 
KI 6.7 


18 R.A. Ferrell, University of Maryland Physics Department 
Technical Report No. 43 (unpublished) 
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Fic. 10. Angular distribution from KI 


materials are fairly well reproduced. Thus the possibility 
of interpreting the distributions in terms of character 
istics of the whole crystal is not entirely ruled out. A 
comparison of Lif and CsF, in which the interatomic 
spacings are in the ratio 2:3, should be illuminating. 


POSITRON MOBILITY IN DIAMONDS 


The angular distribution of annihilation gamma rays 
from diamond is shown in Fig. 11. The shape of the 
distribution appears to lie between the parabolic shape 
of metals and semiconductors and the triangular shape 
which characterizes most insulators. 

The mobility of electrons in diamonds has been 
found'* to be as high as several thousand cm?/volt 
second in some samples. It was thought that positrons 
might also have high mobility, and an experiment was 
devised to investigate this possibility by means of 
observations on the angular distribution of annihilation 
gamma-ray pairs. If one applies an electric field E to 
a material which contains mobile positrons, these 
particles will acquire a drift velocity vg in the direction 


Fic, 11 
distribution 
diamond 


Angular 


from PARABOLA 
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4 FE. A. Pearlstein and R. B. Sutton, Phys. Rev. 79, 907 (1950 
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Fic, 12. Angular distribution from Pd and Pd—H., 


of the field. The drift should cause a shift da of the entire 
gamma-pair angular distribution, for (in insulators) 
the field will not alter the momentum distribution of 
the electrons of the material. The magnitude of da will 
be equal to v4/c, where c is the velocity of light. The 
mobility is then simply given by c(6a)/E. 

For the experiment, a dozen small flat diamonds were 
mounted in such a way that they could be placed in 
the angular-correlation apparatus and bombarded from 
one side by one of the positron sources. A very thin 
layer of Aquadag was painted on the faces through 
which the positrons entered, and a 60-cycle potential of 
1000 volts rms was applied between this and the 
metallic diamond supports. The counter slits were 
opened to 4 mm and the data recorder was set to make 
counts at —5, 0, and +5 milliradians, stopping at each 
point for eight minutes and completing a cycle in 
approximately 50 minutes. The coincidences signals 
were passed through a gating circuit which fed two 
scalers in such a way that scaler A operated while the 
field in the diamonds was to the right, and scaler B 
operated while the field was to the left. The results of 
a 4-day run are shown in Table V. The slope of the 
distribution curve at zero is of course zero, so that we 
should expect total counts 0O— A and 0— B to be equal. 
‘The counts are not equal because the source was not at 
the same potential as the adjacent diamond faces: 
the slower positrons were repelled away from the 
diamonds during the A half of the cycle. The slope 
of the angular distribution at 5 milliradians is such that 
the counting rate changes about 15% per milliradian 
(see Fig. 11). ‘This means that distribution A was 
shifted to the right by 0.0734.0.100 milliradian with 
respect to distribution B. The average thickness of 
the diamonds was 1 mm, so that the average field in 
each direction was approximately (2v2/m) X (1000/0.1) 

9000 volts/em. The resultant measured positron 
mobility was thus [ (0.073+0.100) K 107% |/(2 9000) 

1204160 cm*/volt sec. This result, though it is in 
the correct direction, is well within statistics and 
therefore there is practically no evidence of positron 
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TABLE V. Positron mobility experiment. 


Total 
counts 


7823 
8319 
11368 
12010 
8054 
8390 


Angle (B/A) 


Scaler (B/A)/(B/A)s 


1.063 +-0.016 1.006+4-0.021 


1.057 +0.013 


1.041+-0.016 0.984+0.021 


Faced with the null result of the mobility experi- 
ment, we consider the possibility that the positrons 
do not exist long enough to acquire their terminal drift 
velocity. The relaxation time, which characterizes the 
rapidity of a particle’s response to an impressed field, 
is proportional to the mobility. For a positron or an 
electron with a mobility of 1000 cm?/volt sec, the 
relaxation time is less than 10~" second. Comparing 
this with the mean life of roughly 10-” second, we see 
that there is ample time for the acceleration of the 
positron before its annihilation. 

The electron mobilities in the samples which were 
used had not been determined—a new experiment 
utilizing carefully selected diamond samples is now 
being planned. It is of course not unreasonable that 
positron and electron mobilities in the same sample 
might differ significantly. The most obvious possibility 
is that positrons might fall into bound states (other 
than positronium) and thus be completely immo- 
bile. Although no measurements have been made 
to detect positronium in diamond by means of its effect 
on the three-quantum annihilation rate, the lack of a 
long-lived component in the positron lifetime seems 
to exclude its existence. It is possible that positrons 
are more effectively scattered than electrons because 
of fundamental differences in their interactions. It is 
well known that the scattering cross section of an 
attractive potential can differ materially from that of a 
repulsive potential of the same shape. In addition, 
positron-electron interactions differ from electron- 
electron interactions in that exchange effects are not 
present in the former. 


OCCLUSION OF HYDROGEN IN PALLADIUM 


An attempt was made to observe the effect of 
occluded H upon the gamma-pair angular distribution 
from Pd. Hydrogen was introduced into a Pd sample 
electrolytically, the resistivity change of the sample 
indicating the presence of 0.7 H atom for each atom 
of Pd. The angular distribution from this sample was 
then recorded and is shown as the circular points of 
Fig. 12. After annealing in vacuum at 400°C for 2 
hours, the resistivity returned to its normal value, 
and the distribution shown by the square points of 
Fig. 12 was measured. The triangular points of the 
same figure refer to an untreated Pd specimen; all 
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distributions are normalized to the same total number rather precise measurements with good statistics will 
of counts. Since no gross effects were observed, the 
investigation was discontinued in favor of other work. 


These preliminary results have been included here 
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Electrical Resistivity of the Ni—Pd Alloy System between 300°K and 730°K 
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Electrical resistivity measurements have been made on alloys of Ni and Pd from room temperature to 
730°K. The maximum in the resistivity was found to shift from 70 atomi« percent Pd 30 atomic percent Ni 
at room temperature, to the 50-50 composition at temperatures where all the specimens are paramagnetic 
At these elevated temperatures it was found that Matthiessen’s rule is obeyed over the entire range of 
compositions. The general behavior may be interpreted in terms of the dependence of s-d scattering upon 


temperature and composition. 


INTRODUCTION 
LECTRICAL resistivity measurements between 
300°K and 730°K for the Ni—Pd alloy system 
will be discussed in this paper. Preliminary measure- 
ments between 4.2°K and 300°K have already been 


published for this system.' ‘The results showed that at 
the low temperatures the resistivity is a maximum at 
70 atomic percent Pd. This was explained by splitting 
up the resistivity into two parts: one, p,.., resulting 
from s-s scattering, and one, p,.a, resulting from s-d 


scattering, and then considering how these parts 
varied with composition. Ni is ferromagnetic up to 
629°K and Pd is paramagnetic at all temperatures. 
Both elements contain 0.6 hole in their respective 
d bands (3-d for Ni and 4-d for Pd) and 0.6 conduction 
electrons in the s bands (4-s for Ni and 5-s for Pd). It is 
reasonable to assume that the number of s electrons 
remains constant with composition at 0.6’ and conse 
quently p,., will vary in a Nordheim manner,’ i.e., as 
x(1—x), where x is the fraction of Pd atoms. While 
the number of holes in the d band is 0.6 for each com- 
position, the effective number of Bohr magnetons, 
calculated from magnetization data, changes from a 
maximum for pure Ni to zero for 97 atomic percent Pd. 
This implies that the filling of the two half d bands 
changes gradually with composition from Ni to Pd. 
Half of the d band for Ni is completely filled and the 
other half contains 0.6 hole, thus allowing electrons of 
only one spin state to contribute to s-d scattering. In 
Phys. Chem 


witz, J Solids 1, 39 


P. Wohlfarth, Proc. Leeds Phil. Lit. Soc. Sci. Sect. 5, 89 


4... Nordheim, Ann. Physik 9, 607 (1931). 


Pd both halves of the d band are equally populated 
with the same number of holes, so that electrons of 
both spins may be scattered from s to d states. 

The total resistivity has been represented by Over- 
hauser and Schindler* as 


v(1—x)(S+ Dat") (S+Dqy) 
(1) 
28+ Dgt?+ Dy 


where x is the Pd content, gf and gj are the number of 
holes in the spin-up and spin-down portions of the 
d band respectively, S and D are terms independent of 
composition referring to s-s and s-d transitions and p is 
related to the band shape and is approximately unity. 
An examination of Eq. (1) reveals that since gt and qJ 
are in general functions of composition, an asymmetrical 
variation of p with composition is to be expected. How 
ever, when gf is equal to gf) and is composition-inde 
pendent, then p varies as x(1—) and p is consequently 


This is 
equivalent to the earlier prediction of the authors! that 


symmetrical about the 50-50 composition 
the Nordheim relation should be applicable in the region 
where all of the alloys are paramagnetic, i.e., above the 


Curie temperature of nickel. 


EXPERIMENTAL PROCEDURE AND RESULTS 


The resistivity measurements between 300°K and 
730°K were carried out with the specimens in a vacuum 
‘I he 0.2 ( 


between the potential leads, which were approximately 


temperature gradient did not exceed 
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Overhauser and A. I. Schindler, J 
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Fic. 1. Electrical resistivity vs temperature for Ni— Pd alloys. 

8 cm apart. To keep the gradient within this limit a 
furnace two feet long was modified so that it held three 
independently variable heater elements. A copper 
cylinder 25 cm long with radiation reflectors at each 
end was used as a container for six specimens and as a 
heat-sink. ‘The specimens were vacuum-annealed at 
1070°K for hours and then furnace-cooled for 
twenty-four hours. The measurements were made on a 
modified Kelvin bridge in which errors due to contact 
and lead resistance were minimized. 

Figure 1 gives resistivity versus temperature between 
300°K and 730°K for each of the compositions used. 
The Curie temperatures of these alloys may be obtained 
from this graph by noting where the curvature changes 
from positive to negative as the temperature increases. 
These results with those of reference 1 are plotted in 
Fig. 2 and compare favorably with older data.° 
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Fic. 2. Curie temperature vs composition for Ni— Pd alloys 
as obtained from resistivity measurements 
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Figure 3 shows p as a function of composition at 
323°K, 373°K, 423°K, 473°K, 523°K, 623°K and 723°K. 
The maximum in p is observed to shift from approxi- 
mately 70 atomic percent Pd at 323°K to 50 atomic 
percent Pd at 723°K. In addition, the resistivity of Ni 
becomes greater than the resistivity of Pd as the 
temperature increases. 

The changes in the resistivity with respect to tempera- 
ture, dp/dT, versus composition are found in Fig. 4, 
some of the data having been reported in reference 1. 
The curves are plotted for 4.2°K-63°K, 70°K, 300°K 
and 723°K, and it is observed that dp/dT is practically 
constant at 723°K. The dotted portions of the curves 
represent regions where dp/dT varies rapidly and the 
precise behavior is not known. 


DISCUSSION OF RESULTS 


The anticipated shift in the maximum of the p versus 
composition curve from approximately 70 atomic 
percent Pd to 50 atomic percent Pd at the higher 
temperatures is clearly displayed in Fig. 3. 

The effect of temperature upon pure Ni is to change 
the distribution of the holes in the two half d bands, 
but does not affect the s band. It is very interesting to 
observe that this is precisely the effect of alloying Ni 
with Pd. For as Pd is added to Ni, the distribution of 
the holes in the two half-bands is changed but again 
the s band is unaltered. This can be illustrated by 
comparing Fig. 4 with Fig. 5. In Fig. 5, the resistivity 
is plotted against temperature for a ferromagnetic 
metal. For purposes of discussion three regions have 
been delineated. Region I represents the behavior of 
the resistivity below the Curie temperature. Here, dp/dT 
increases gradually in going from A to B, and is a 
reflection of the change in the distribution of the d holes. 
In Fig. 4, curves 1 and 2 represent the behavior of dp/dT 
of the Ni—Pd series as a function of Pd content at 
temperatures well below the Curie temperature for the 
available alloys. Again the gradual increase of dp/dT 
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FG. 3. Electrical resistivity vs composition for Ni— Pd alloys. 
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Fic. 4. dp/dT vs composition for Ni 
at various temperature. 
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with increasing content reflect the change in the dis- 
tribution of the d holes. 

Region II of Fig. 5 displays the dp/dT variation in 
the vicinity of the Curie temperature. As the Curie 
temperature is approached from below, dp/dT increases 
rapidly, has a maximum at the Curie temperature and 
then decreases rapidly, This region should be compared 
to curve 3 of Fig. 4, where it is evident that 300°K is 
the Curie temperature of an alloy containing approxi- 
mately 75% Pd. 

Region III of Fig. 5 represents the resistivity of pure 
Ni, above the Curie temperature where dp/dT changes 
slowly and the resistivity curve has a negative curva- 
ture. Similarly, curve 4 of Fig. 4 represents dp/dT for 
the whole Ni—Pd series well above the Curie points 
of all the alloys and dp/dT is found to be almost constant, 
decreasing very slowly with increasing Pd content. 

Matthiessen’s rule states that for an alloy system, 
dp/dT is independent of concentration. The quantum- 
mechanical verification of this rule is for single-band 
conduction and dilute concentrations. Conduction in 
the transition elements is a two-band process. Since 
alloying Ni with Pd changes the population of the two 
half d bands, Matthiessen’s rule should not be expected 
to be valid. But above 629°K, the Curie temperature 
of Ni, both halves of the d band for all of these alloys 
are equally populated, and Matthiessen’s rule is 
obeyed over the entire range of composition (see Fig. 4). 

Ni is adjacent to Cu in the periodic table and their 
atomic volumes are approximately the same. This 
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Fic. 5. Schematic plot of resistivity vs temperature 
for a ferromagnetic metal 


indicates that the difference in the electrical resistivity 
of these two elements is related to the additional s-d 
scattering found for Ni. Following this line of reasoning 
for Pd and Ag, one might expect 


PNi/PCu=PPd/ PAg 


in the temperature region where the s-d scattering of 
Ni is similar to that of Pd. Since the resistivity of Cu 
is greater than that of Ag, py; should be greater than 
pra When Ni is paramagnetic. At the elevated tempera 
tures (723°K) it is indeed found that py;>ppy, and the 
difference of the ratios pyi/pou and ppa/pag is less than 
10%. However, at 300°K, where Ni is still ferro 
magnetic, ppg is almost twice pyi. 


CONCLUSION 


It has been demostrated that the asymmetry associ 
ated with the resistivity versus composition curves for 
the Ni—Pd system at the low temperatures results 
from the composition dependence of the filling of the 
two half d bands. At the elevated temperatures, when 
the two halves of the d band. are equally filled and com 
position independent, the Nordheim relation is obeyed. 
Matthiessen’s rule is also obeyed at the elevated tem 
peratures over the entire range of composition.* 

* Note added in proof.-The variation with composition of pr, 
the phonon contribution to the resistivity, can be easily calculated 
for these alloys using the data presented here and that of reference 
1. This variation should be related to the variation with energy of 
the density of states of the d band. Because of the complications 


arising from the spin dependence of the scattering upon py, this 
latter phase will be treated in a future paper 
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Chemical Potentials, Spin Temperatures, and the Overhauser Effect* 
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If a system of particles with spin is divided into groups according to spin state, a chemical potential can 
be assigned to each group. Spin distributions can then be described in terms of these chemical potentials 
and spin interactions can be treated as chemical reactions. In this manner the difficulties associated with 
spin temperatures can be avoided. A simple derivation of the Overhauser effect is possible. 


INTRODUCTION 


HE notion of spin temperatures has many inter- 

esting aspects, such as the possibility of a system 
at negative absolute temperatures.’ Indiscriminate use 
of spin temperatures, however, can also lead to many 
false conclusions, as is evidenced by the fact that one 
of the early arguments against the Overhauser effect? 
was that it was not consistent with the notion of spin 
temperatures.’ 

The ambiguities associated with spin temperatures 
can be avoided if, instead of dividing a collection of 
particles with spin into a spin system and a lattice 
system, one divides the particles into groups according 
to spin state, Each group can be treated as a separate 
chemical species with an associated chemical potential.** 
Spin distributions are then described in terms of these 
chemical potentials, and spin interactions are treated 
as chemical reactions. 


BASIC MODEL 


These ideas can be illustrated very simply. Consider 
a metal with nuclear spin } in a static magnetic field H. 
‘The metallic system can be considered as a collection of 
nuclei vibrating about fixed lattice points, and a gas of 
free electrons, the conduction electrons. The usual 
procedure is to break the metallic system into three 
abstract systems, the electron spin system, the nuclear 
spin system, and the lattice system. A different temper- 
ature is associated with each system. This division is 
represented diagrammatically in Table I. 7 is the 


* Supported in part by the National Science Foundation. 

'See N. F. Ramsey, Phys. Rev. 103, 20 (1956). 

* A. W. Overhauser, Phys. Rev. 92, 411 (1953). 

‘For a discussion of this point see C. P. Slichter, Phys. Rev. 
99, 1822 (1955). 

* Division of the conduction electrons in a metal into two such 
groups is not uncommon. See for example A. W. Overhauser, 
Phys. Rev. 89, 690 (1953). In this case the chemica] potentials 
are the familiar Fermi energies. Division of the nuclei and electrons 
in a metal into such groups is implicit in the work of P. Brovetto 
and G. Cini, Nuovo cimento 11, 618 (1954), and P. Brovetto and 
S. Ferroni, Nuovo cimento 12, 90, 899 (1954). Many of the ideas 
contained in this paper were inspired by the excellent papers of 
these latter authors. We have simplified their approach, and we 
hope have made it intuitionally more fruitful 

*For a thorough thermodynamic discussion of chemical po 
tentials see I. Prigogine and R. Defay, Chemical Thermodynamics 
(Longmans Green and Company, New York, 1954), Chap. VI 
For a statistical-mechanical discussion of chemical] potentials see, 
for example, D. ter Haar, Elements of Statistical Mechanics 
(Rinehart and Company, Inc., New York, 1954), pp. 80-81 


lattice temperature, 7* the nuclear spin temperature, 
and 7;,* the electronic spin temperature. A more fruitful 
procedure is to separate the metallic system into four 
groups of nuclei and two groups of electrons according 
to spin state. We will refer to each of these groups as a 
subsystem. With each subsystem a different chemical 
potential is associated, but the same temperature, the 
lattice temperature, applies to all of the subsystems. 
This division is represented diagrammatically in Table 
II. The temperature of each subsystem is just the 
temperature of the lattice for the same reason that the 
temperature associated with one species of a mixture 
of gases is the same as the temperature associated with 
the whole mixture. This will be brought out in greater 
detail in the following discussion. 

Let us consider first a nuclear subsystem, character- 
ized by the magnetic quantum number m. The energy 
levels available to particles in the subsystem are 


bmi = Ey— my gh (1) 


The £, are the energy levels in the absence of the 
magnetic field and are the same for all of the nuclear 
subsystems. The quantity y, is the nuclear gyromag- 
netic ratio. Since the nuclei can be described by Boltz- 
mann statistics, the number of particles in a given level 
of degeneracy «, will be® 


Um— Ey+-my, hl 
N wt w.exp ) (2) 
kT 


Summing over all of the levels £;, we obtain the total 
number of nuclei in the subsystem, 


(3) 


Umt+ me) 
kT 


Na=>, Nas=F exp( 


TaBLeE I. Usual division of an ideal metal in a static magnetic 
field into thermodynamic systems according to the method of 
spin temperatures 


Temperature 
{Lattice system 


Metallic system{ Nuclear spin system 
| Electron spin system qT.” 


T 
T? 


® See, for example, D. ter Haar, reference 5, pp. 78, 80, 81. 
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where F is a function depending on the lattice motion 
of the nuclei and is the same for each of the nuclear 
subsystems. 

For the electron subsystems, Fermi-Dirac statistics 
must be used. The resulting occupation numbers are 


Ny= of exp( 


py tL i+4\y.|hH 
)+4] ; (4) 
kT 


(5) 


N. =>) Wi exp( 


-f_yt+Fi—4\y.|hH 7 

) Hy 
kT 

The tilde (~) over a quantity is used to indicate that 

the quantity in question is associated with one of the 

electron subsystems. 


INTERACTIONS 


There will be various interactions taking place within 
the metallic system. These are listed in column 1 of 
Table III. For the sake of simplicity we assume that 
the coupling between spins is of the type S,-S2. The 
transitions allowed by this coupling are ones in which 
the total spin angular momentum is conserved. With 
this assumption the spin transitions associated with the 
interactions are listed in column 2 of Table III. An 
“nw” represents a nucleus, ‘“e” an electron, and the 
subscripts give the spin state. 

With each interaction a relaxation time is associated, 
as shown in column 3 of Table III. The relaxation 
times associated with the phonon-phonon and phonon- 
electron interactions will be much shorter than the 
other relaxation times. It is these interactions which 
maintain thermal equilibrium within a particular sub 
system and also between the different subsystems. 

The spin interactions D to H can be treated as 
chemical reactions. ‘The condition of equilibrium for a 
particular reaction can be found by applying the 
equation of reaction equilibrium’ to the reaction in 
question. The conditions of equilibrium thus obtained 
are listed in column 4 of Table III. These equations 
could also have been derived from basic statistical 


TABLE IT. Division of an ideal metal with nuclear spin § in a 
static magnetic field into thermodynamic systems according to 
the method of chemical] potentials 


Chemical 


Temperature potential 


Electrons with 
spin up 
Electrons with 
spin down 

( Nuc lei with m= 4 
Nuclear ) Nuclei with m=4 
system | Nuclei with m=—4 
Nuclei with m= —4 


Elec — 
system 
Metallic 
system 


Zemansky, Heat and Thermodynamics 
New York, 1951), third 


See for example M 
(McGraw-Hill Book Company, Inc., 
edition, pp. 397-398. 
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considerations.* For example, the reaction equilibrium 
condition H could have been obtained by determining 
the thermodynamic probability’ of each of the nuclear 
subsystems and each of the electron subsystems, 
multiplying these probabilities together to get the 
thermodynamic probability for the combination, and 
maximizing the results subject to the constraining 
conditions that the total number of nuclei, the total! 
number of electrons, the total energy, and the total 
spin angular momentum are constant. Under ordinary 
conditions all of the spin reactions will be in equi- 
librium. In this case pm=pm and fy= f_y, and thus all 
of the conditions of equilibrium are simultaneously 
satisfied. 


SPIN TEMPERATURES vs CHEMICAL POTENTIALS 


Let us now compare the results of the two approaches 
typified by Tables I and II. According to the first 
approach which we shall refer to as the method of spin 
temperatures, the ratio of occupation numbers of 
adjacent nuclear spin states is 


Nin/Nm-1= exp{ynhH/kT*}. (6) 


According to the second approach, which we shall refer 
to as the method of chemical potentials, we have from 
Eq. (3) 
N ws | Hm MmatynhH . 
exp (/) 
Nn) bT 


If the nuclear spin system and the lattice are in 
equilibrium, then in terms of spin temperatures T= 7", 
while in terms of chemical potentials we have pm= m1. 

Upon comparing (6) and (7), it can be seen that one 
of the conditions necessary for a nuclear distribution to 
be describable by a single spin temperature is that 

Hm Mm’ (8) 


~hm—1 Mm’—1- 


In the case of a nuclear spin system isolated from the 
lattice and the electron spin system, this condition is 
maintained by the nuclear spin-spin interaction as can 
be seen from column 4 of Table III. 

With certain solids it is possible, by rapidly reversing 
the direction of the external field, to obtain quasi- 
equilibrium conditions in which"® 


Na/Nauww<t, +e. (9) 


In terms of spin temperatures, this would correspond 


to a negative absolute temperature. In terms of chemical 
potentials, it would merely mean that 


hm hm-1 + YnhH < 0. (10) 


* For an analogous derivation see G. S. Rushbrooke, /ntroduction 
to Statistical Mechanics (Clarendon Press, Oxford, 1949), Chaps 
XI and XII. 

*The term “thermodynamic probablity” is used for the 
a priori probability or weight of a particular macrosituation. 

See E. M. Purcell and H. V. Pound, Phys. Rev. 81, 728 
(1953); also reference 1 
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TABLE ITI, Interactions taking place within a metal in a static magnetic field. 


Interaction 


Phonon-phonon 
Phonon-electron 
Electron-electron 

Electron spin-lattice 
Nuclear spin-lattice 
Electron spin-spin 
Nuclear spin-spin 
Electron-nuclear spin-spin 


Ramsey' has written a stimulating paper on negative 
absolute temperatures. Once one admits the possibility 
of negative absolute temperatures, it is necessary, as 
Ramsey points out, to change some of the conventional 
formulations of the laws of thermodynamics. If the 
point of view of chemical potentials is taken, it is not 
necessary to relearn the laws of thermodynamics for 
negative temperatures, since negative temperatures do 
not arise. 
OVERHAUSER EFFECT 


Let us now examine a case jn which the notion of 
spin temperatures leads to erroneous conclusions, 
namely the Overhauser effect.’ Suppose that the nuclear 
spin system is weakly coupled to the lattice but strongly 
coupled to the electron spin system, Le., r7Krg. 
Complete saturation of the electron spin resonance has 
the effect of producing a nuclear polarization such that 


N | Ve hH+y7,hH 


exp) + (11) 


m | 


This is known as the Overhauser effect. 

From the viewpoint of spin temperatures this is not 
what one would expect. Complete saturation of the 
electron spin resonance would equalize the distribution 
between the spin-up and the spin-down states. This 
would correspond to an infinite electron spin tempera- 
ture, and, since the nuclear spin system is in good 
contact with the electron spin system but in poor 
contact with the lattice, one would expect the nuclear 
spin system to arrive at an infinite temperature also. 
This is not the case. In fact, the distribution described 
by Eq. (11) corresponds to a spin temperature smaller 
than the lattice temperature for y,>0 or to a negative 
spin temperature for y, <0. 

Let us examine the same problem from the viewpoint 
of chemical potentials. Saturation of the electron spin 
resonance is equivalent to displacing the chemical 
potentials fy, and f_, relative to one another. With 
complete saturation, the difference between the chem- 
ical potentials is 

ty —Ay= || AH. (12) 
This can easily be seen by equating Eqs. (4) and (5). 
A steady state between the nuclear and electronic 
systems will be reached when the reaction H in Table 


Spin transition 


eeey 
Nme?Nm—i 
eyt+e_ye 
Nm + Nm’ —14 Nm + Nin’ 
Nm! + ey 


Relaxation time 


Condition of equilibrium 


TA 


Ay=f2-4 
Lm = m—t 
Ayt+fay=fathy 
Mm Mm-1 ™ fon’ — fn’ —1 
Hm — bm—1 = fly — 4 


e_4t ej 


Mm +e4 


III is in equilibrium, since we have assumed that this 
reaction is much stronger than EZ. The condition of 
equilibrium for this reaction is 


By — 4 =m m1. (13) 


Substituting (12) and (13) into (7), we obtain the 
Overhauser result (11). 


TdS EQUATION 


The difference between the two approaches can be 
further clarified by an examination of the 7dS equation 
associated with each approach. Restricting our atten- 
tion to the nuclei, the 7d equation of the nuclear spin 
system from the viewpoint of spin temperatures is 


T*dS*=dU*+MdH. (14) 


The entropy, internal energy, and temperature refer to 
the spin system alone. From (14), the nuclear spin 
temperature can be defined! as 


T*= (0S*/AU*) y i. (15) 


From the viewpoint of chemical potentials, there will 
be one TdS equation for each nuclear subsystem, of the 
form 


Td S m= dU mt M nd — pemdN m. (16) 


The temperature is the lattice temperature. Equations 
(16) describe not only the spin system but include the 
lattice motion of the nuclei. Equations (16) can be 
added to give the T7d.S equation for the system of nuclei. 


Thus 
TdS =dU+MdH —> om umdN m. (17) 


From (17), the lattice temperature T is defined as 


T= (0S/0U)H.Nw. (18) 


CONCLUSION 


From the above discussion we see that not only are 
the ambiguities associated with spin temperatures 
avoided when one uses the method of chemical po- 
tentials, but the equations involving chemical potentials 
have a much wider range of validity than the corre- 
sponding equations involving spin temperatures. The 
limitations on the notion of spin temperature are due 
to the fact that the exchange of energy between a 
closed spin system and its surroundings is not always 
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describable as a simple thermal exchange. This is 
brought out in the preceding discussions but can be 
made even clearer from the following hypothetical 
example. Let us make the following assumptions: (a) 
we have two systems of particles with spin, system 1 
and system 2; (b) both systems are in contact with a 
heat reservoir at temperature T and in a static magnetic 
field H; (c) the spins are coupled by interactions of the 
type S,-S,, S.-S2, and S,-S.; (d) the lattice cannot 
cause spin transitions, but can contribute the energy 
necessary to make transitions induced by the S,-S, 
interaction energetically possible; (e) Boltzmann sta- 
tistics are applicable throughout, and (f) the initial 
distribution of spins among the spin states is arbitrary. 
Suppose that we start off with an initial nonequilibrium 
spin distribution. A redistribution of spins and energy 
will take place until equilibrium is reached. It can be 
shown by the methods discussed above that the condi- 
tion of equilibrium in terms of spin temperatures will be 


oat)-nf 
T\* 1 


From (19) it can be seen that the spin temperatures 7,* 
and 7,* will be equal only if either both are equal to 
the lattice temperature or the gyromagnetic ratios y; 
and 72 are equal. Only under particular initial conditions 
will both spin temperatures be equal to the lattice 
temperature. Consequently, if the gyromagnetic ratios 
vy: and yz are not equal, we can have a complete 
equilibrium situation in which the spin temperatures of 
two spin systems in contact are not equal. The exchange 
of energy between two such systems is thus obviously 
not a thermal exchange, that is, an exchange due to a 
difference in temperature. It is for this reason that spin 
interactions must be treated by the broader techniques 


(19) 


used in handling chemical reactions. The operational 
definition of temperature, as given for example by 
Zemansky," is intimately tied up with the notion of 
thermal equilibrium between systems. From (19) it is 


''M. Zemansky, reference 7, Chap. I. 
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obvious that such an operational definition is not 
applicable to spin systems unless either the notion of 
thermal equilibrium is clarified or we restrict ourselves 
to systems of particles with the same gyromagnetic 
ratio. It thus seems meaningless to try to compare spin 
temperatures of systems of particles with different 
gyromagnetic ratios. 

In discussing the Overhauser effect, Slichter"? avoids 
the difficulty associated with the exchange of energy 
between the electron spin system and the nuclear spin 
system in a metal by transforming to a system in which 
the Fermi energies (or chemical potentials) of the 
electron subsystems are equal. He assumes that the 
notion of spin temperatures cannot be applied to the 
electron spin system when the chemical potentials of 
the electron subsystems are not equal. Since there are 
chemical potentials associated with the nuclear system 
‘also, one can extend his argument to nuclear spin 
temperatures, One would then conclude in general that 
spin temperatures are only applicable when the spin 
temperature and the lattice temperature are equal, as 
can be seen from the discussion accompanying Eqs. (6) 
and (7). This renders the notion of spin temperature 
almost useless. All of these difficulties are avoided when 
one uses the method of chemical potentials. 

It should be remarked finally that the method of 
chemical potentials is equally applicable to spin inter- 
actions other than the S,-S» type. If several different 
interactions are taking place at once, as is usually the 
case, they can be treated in the same manner that one 
handles simultaneous chemical reactions. 
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Thermoluminescence curves of KC] single crystals have been recorded. Twelve glow peaks were obtained 
in the temperature range of 90-600°K. The glow peaks seem to show regularity with regard to their peak 
temperatures, spectral emission and sensitivity to optical bleaching in the F band. Effects of aging of the 
crystals are reported. Activation energies for several peaks as calculated from the results are also given. 


INTRODUCTION 
HERMOLUMINESCENCE of colored alkali 


halides has been studied by many investigators.'~* 
Glow curves were obtained, which exhibited many peaks 
during the warming up of the crystal. The origin of 
most of these peaks seems, as yet, to be unknown.’ 

Some investigators have used powder samples for 
their luminescence glow experiments, which might have 
complicated the results. Others have restricted their 
measurements to temperatures above room tempera- 
ture, In the present work, glow curves were recorded 
for single crystals of KCI and for a temperature range 
from liquid-air temperature up to above 600°K. 

Well defined peaks were obtained in our experi 
ments, and this enabled us to notice some regularities 
concerning the grouping of the peaks in the .com- 
plexity of the glow curves. 

Of interest is also the relation found between the 
process of thermal glow and that of thermal bleaching 


300 
TEMPERATURE IN *K 


Fic. 1. Recorder tracing of a glow curve of a KCl crystal 
colored by 8 minutes of x-irradiation (Mo target, 45 kvp, 20 ma) 
at liquid-air temperature, The crystal had been subjected previ 
ously to only a few minutes of x-irradiation. (The heating rate 
was about 30°/min.) 


1 F, Urbach, Wien. Ber. (ITA) 139, 353 (1930); F. Urbach and 
G. Schwartz, Wien. Ber. (ITA) 139, 483 (1930). 

2 J. A. Ghormley and H. A. Levy, J. Phys. Chem. 56, 548 (1952) 

4H. N. Bose, Proc. Phys. Soc. (London) B68, 249 (1955). 

‘J. Sharma, Phys. Rev. 85, 692 (1952); 87, 535 (1952); 101, 
1295 (1956). 

5 J. J. Hill and P. Schwed, J. Chem, Phys. 23, 652 (1955). 

*M. L. Katz, J. Exptl. Theoret. Phys. (U.S.S.R.) 18, 501 
(1948). 

7 See pp. 46, 73 of the review by F. Seitz, Revs. Modern Phys. 
26, 7 (1954). 


of the colored crystals. The latter experiments are to 
be described in the following paper.® 


EXPERIMENTAL 


The crystals under examination were placed in a 
vacuum Dewar system where they could be cooled to 
liquid-air temperature and warmed up to 700°K. The 
construction of this system was complicated more than 
was needed for the glow experiments in order to meet 
the special requirements of the thermal-bleaching ex- 
periments. Details, including also detection, amplifica- 
tion, and recording devices, are therefore given in 
Paper II. 

The specimens used were synthetic single crystals of 
KCl grown by the Harshaw Chemical Company, from 
which plates 5X6 mm and about 1 mm thick were 
cleaved, Irradiation was performed in the dark with the 
crystal inside the evacuated cryostat. Crystals were put 
at nearest access (3-4 cm) to the window of a General 
Electric x-ray tube operated at 45 kvp, 14 ma with a 
copper target or at 45 kvp,¥20 ma with a molybdenum 
target. 

RESULTS 
(a) General Features of the Glow Curves 


The recorder tracing of a glow curve of a KCl crystal 
as obtained after 8 minutes of x-irradiation at liquid-air 
temperature, is reproduced in Fig. 1. It seems advan- 
tageous to divide the peaks appearing in the glow curve 
into four groups: Group A—containing the peaks ap- 
pearing in the temperature range 100-200°K; group 
B—from 200 to 350°K; group C—from 350 to 450°K 
and group D—from 450 to 575°K. Each of these groups 
will be shown to contain three glow peaks. Approximate 
peak temperatures (7,), as obtained from experiments 
described below, are given in Table I. 


Tasie [. Temperatures in °K for the different glow 
peaks of the thermoluminescence curve. 


Group A B ( D 
Ca Di Dt Da 
415 480 520 S60 


Peak Ai Ar As B Bs Be Ci Ca 
T, °K 125 145 170 250 280 315 360 390 


* A. A. Braner and A. Halperin [ Phys. Rev. 108, 932 (1957) }, 
following paper. This paper will be further referred to as Paper IT. 
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In Fig. 1 the first two peaks of group A (A;,,A2), are 
well resolved. A; is very weak and appears in this case 
only as an extended tail of Az towards higher tempera- 
tures. In group B the three peaks can still be noticed. 
Almost no sign of the individual peaks of groups C, D 
can, however, be noticed in Fig. 1. 

There are several methods which help to get in- 
dividual peaks better resolved. One method, frequently 
used by many investigators*:*.*" is to keep the crystal 
for some time at a temperature somewhat below_the 
peak to be resolved. Lower peaks are then absent in the 
the glow curve obtained on subsequent cooling and re- 
heating the crystal. This method is particularly success- 
ful for the highest peak in each group (e.g., As, Bs). 
Other methods will follow from the results to be given. 

Remarkable is the regularity in the distribution of 
the peaks. B, peaks at twice, C; at three times, and D, 


B, B, 
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Fic. 2. A glow curve of an aged KCI crystal, having in its 
history some 50 hours of x-irradiation in about 40 cycles of cooling, 
x-irradiation, and warming up to 600°K. The enormous increase 
in the peaks Bi, Bz is shown by a curve given on reduced ordinates 
in the upper right corner of the figure. (The heating rate was 
about 30°/min.) 


] 
200 


at four times the peak temperature of A, (within ex- 
perimental error). There is also regularity in the tem- 
perature intervals within each group. These are about 
25° for group A, about 30° for groups B and C, and 
about 40° for group D. 


(b) Effects of Thermal and Irradiation 
History of the Crystal 


The glow curve shown in Fig. 1 is ‘of the type ex- 
hibited by virgin crystals, not subjected to subsequent 
cycles of irradiation, heating, and cooling. Subjection 
to many such cycles results in changes in the intensity 
distribution of the peaks in the glow curve. 


°C. B. Lushchik, J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 488 
(1956) [translation : Soviet Phys. JETP 3, 390 (1956) ] 

J. S. Johnson, Jr., and F. E. Williams, J. Opt. Soc 
709 (1949) 
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Fic. 3. A glow 
curve obtained after 
3 hours of x-irradia- 
tion (Cu target, 45 
kvp, 14 ma) at room 
temperature. (The 
heating rate was 
about 30°/min.) 
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Figure 2 illustrates this effect. It shows the; glow 
curve of an aged crystal which had in its history some 
40 cycles and about 50 hours of x-irradiation, The 
intensity scale in Fig. 2 is about half that in Fig. 1 and 
the time of irradiation was only 2 minutes compared 
to 8 minutes for the curve in Fig. 1. The peaks B,, By 
(250, 280°K) increased enormously in intensity and are 
shown on a reduced scale in the upper right corner of 
the figure. Peaks A; and B, have also increased and are 
now clearly seen. Other peaks do not seem to have 
changed appreciably. These changes depend aiso on the 
type of irradiation. More cycles of irradiation and 
bleaching with a copper target (45 kvp, 14 ma) did not 
result in such drastic changes in intensity. The effects 
tend to saturation. Measurements were, therefore, car 
ried out mostly for aged crystals for which results of 
successive experiments could be compared. 

Peaks at higher temperatures appear very weak on 
short x-irradiation at low temperatures. They can be 
obtained at higher intensity either by irradiation at 
higher temperatures, or by prolonged irradiation at 
lower temperatures!!!) 

Figure 3 was obtained after 3 hours of x-irradiation 
at room temperature. The pesks at 360 and 415°K 
appear now as shoulders on both sides of the peak at 
390° and that at 520° is now the strongest. After 10 
minutes of irradiation at above 400°K™ (Fig, 4) the 
glow peak at 560°K appears in addition to that at 
520°K. 

Upon increasing the amount of irradiation in one 
experiment, the intensity of the peak at the highest 
temperature is known'® to increase faster than that of 


t 


hic. 4. A glow curve 
obtained after 10 min- 
utes of x-irradiation at 
above 400°K (see refer- 
ence 13). (The heating 
rate about 30°/ 
min.) 
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"J.T. Randall and M. H. F. Wilkins, Proc. Roy, Soc. (London 
A184, 366 (1945). 

"FI. Adirowitsch, Kinige hragen Zur Theorie der Lumineszenz 
der Kristalle (Akademic-Verlag, Berlin, 1953), Chap. VI 

4 Trradiation was started with the crystal at 500°K, but the 


temperature decreased to 400°K during irradiation 
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Fic. 5. Dependence of intensities of the different glow peaks 
on time of x-irradiation, a—for the peak at 170°K, b—325°K, 
c~125°K, d--145°K, e—390°K, f—280°K, and g—250°K. Ordi 
nates for f and g were reduced by a factor of hundred, Optical 
densities at the peak of the F band are given for comparison 
(curve D) 


lower peaks. This was confirmed in our experiments. On 
irradiation at room temperature the intensity of the 
peak at 390°K nearly reached saturation after 2 
minutes, while that of the peak at 520°K remained 
very small for the first few minutes of irradiation and 
then started to rise linearly and showed only a slight 
deviation from linearity after 14 hours of irradiation. 

Dependence of the intensities on irradiation time for 
crystals irradiated at liquid-air temperature is shown 
in Fig. 5. Optical densities at the peak of the F band 
are also plotted (curve D). The intensity of some of the 
peaks (145, 170, 315) rises in parallel with the increase 
in density, some reach saturation after only a few min- 
utes, and others become saturated after longer irradia- 
tions. Peaks at higher temperatures (group D) were too 
weak to be measured. The peaks at 250, 280°K, on the 
other hand, were so intense that attenuation by a factor 
of hundred was necessary. Their intensities are there- 
fore, given on a reduced scale. 
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Fic. 6. Glow curves obtained by optical filtering, a—trans- 
mitted by a Chance OX7 filter (transmissing in the uv, 2500 
4000 A); 6—transmitted by a Corning 3389 filter (absorbing the 
uv). (The heating rate was about 40°/min.) Curve a is given to 
the right with reduced coordinates 
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(c) Spectral Classification of the Glow Peaks 


The small intensities of light emitted at a given 
luminescence peak, did not allow measurement of the 
exact spectral distribution of the light emitted at each 
peak. Optical filters were, therefore, used for color 
classification of the different peaks. The results show 
that the peaks may be classified according to their 
spectral emission into three groups: ultraviolet, blue, 
and green, as listed in Table II. The peaks at 170, 360, 
and 560°K were too weak and were not included in 
the color classification. 

An example of glow curves obtained through filters 
is given in Fig. 6. Curve a was obtained with an ultra- 
violet transmitting filter (Chance OX7) while for curve 
b an ultraviolet absorbing filter (Corning 3389) was 
used. The differences in transmission are evident. 

The results suggest another method for resolving 
peaks, Curve b in Fig. 6 is a good example. 


(d) Selective Optical Bleaching of Glow Peaks 


The effect of irradiation in the F band on the glow 
curves was also studied. Green light (5460 A) obtained 
by widely opening the slits of the Beckman DU 
monochromator, was allowed to fall on the x-irradiated 
crystal. 

Figure 7 shows this effect for irradiation at liquid-air 
temperature, and Fig. 8 for irradiation at room tempera- 
ture. It can be seen that the bleaching affects selectively 
some of the peaks while others (e.g., A2, By and C3) 
show stronger resistance to bleaching in the F band. 
The selective bleaching suggests an additional method 
for resolving peaks. 


CONCLUSIONS 


The glow curves obtained in the present work show 
some complexity, but they are in no way incidental. 
The regularity shown by the different peaks with regard 
to color, optical bleaching, and distribution through 
the temperature range may help in establishing a model 
to account for the behavior of the different peaks in the 
glow curves. 

Classification of the peaks into groups seems to have 
deeper meaning for the groups A and B than just their 
appearance as separate groups on the glow curves. Both 
the groups have two intense peaks and a weak third 
one. The first peak in each group (A,,B,), emits in the 
ultraviolet, while the next emits mainly blue light. This 
suggests that common transitions are involved in the 
respective peaks of both the groups. On the other hand, 
the enormous rise in intensity of the peaks B,, B, on 


TABLE II. Spectral distribution of the glow peaks for KCl. 


T, °K 125 145 250 280 315 390 415 480 520 
blue 


Color uv blue uv blue blue’ uv blue green 
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aging the crystal was common for both these peaks. 
These should be attributed rather to an increase in the 
luminescence efficiency, and not to an increase in the 
number of electrons or holes involved. That this is so is 
shown in paper II, where in thermal bleaching experi- 
ments it was found that the decrease in density of the 
F band which accompanies the glow bursts at 250 and 
280°K (the peaks B, and Bz, respectively), was about 
the same for the aged crystal as for the virgin one. 

It will also be shown in paper IT that practically all 
the peaks in the glow curve are accompanied by a de- 
crease in the F absorption. This gives a strong argument 
for our assumption that the peaks in the glow curve are 
not incidental, and they should be attributed to optical 
transitions between energy levels characteristic to the 
crystal lattice and to its defects. 

Additional work is needed before one tries to give a 
model for those transitions. It is intended now to meas- 
ure the spectral distribution of the light bursts emitted 
for each of the peaks in the glow curve, and a liquid- 
air-cooled photomultiplier to be attached to the Beck- 
man DU spectrophotometer is designed for this purpose. 

It is also of importance to calculate the thermal 
activation energies for the different peaks. For this 
purpose each of the glow peaks should be isolated from 
neighboring peaks. This is being done now by using 
combinations of the methods indicated in the present 
paper. 

Some of the activation energies were already calcu- 
lated in preliminary work in this direction. Our calcula- 
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Fic. 7. Selective bleaching of the glow peaks by irradiation in 
the F band (45460), a—no light, b—obtained after 10 minutes of 
F irradiation, c-—after 30 minutes of F irradiation. All the curves 
were obtained with an x-irradiation of 2 minutes, at liquid-air 
temperature. (The heating rate was about 20°/min.) 
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Fic. 8. The same as Fig. 7, but after 5 minutes of x-irradiation 
at room temperature. a—no F light, b-—after 30 minutes of 
irradiation by F light. (The heating rate was about 20°/min.) 


tions were carried out by a method suggested by 
Urbach" and with some modification due to Lushchik.® 
By this method the activation energy Ey of a glow 
burst at the temperature 7’, is given with good approxi- 
mation by 


Ep=kT }/b,, 


where & is the Boltzmann constant and 6,=7,—T,, 
T, being the temperature at half the intensity on the 
falloff of the peak. 

Activation energies calculated by us hitherto were: 
0.29 ev for T,=125°K, 0.33 ev for 145°K, about 1 ev 
for 420°K, and not far from 1.5 ev for 520°K. These 
activation energies give for the frequency factor a 
value of the order of 10-10" sec”', which seems not to 
differ appreciably for the different peaks. 

Our results seem to be in contradiction 
obtained for NaCl crystals by Hill and Schwed,® who 
came to the conclusion that the activation energies were 
constant for all the peaks in the glow curve (from room 
temperature up to 560°K). Although our work was on 
KCI crystals, it is believed that all the alkali halides 
behave similarly with respect to their glow curves. 
This was already confirmed in preliminary work on 
KBr crystals whose glow curves show striking simi 
larity to glow curves obtained for KCI. 

Extension of the work on the effect of optical bleach 
ing on the glow curve to bleaching in other F-type as 
well as V-type and a- and #-type bands is also planned ; 
it is hoped that this will add to our knowledge con 


to those 


cerning the processes involved in the thermolumines 
cence of the alkali halides. ; 


MF, Urbach, Preparation and Characteristics of Solid Lumi 
nescent Materials, Cornell Symposium, New York, 1948 (John 
Wiley and Sons, Inc., New York, 1948) 
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Thermal Bleaching of F Centers and Its Correlation to Thermoluminescence 
in X-Ray Colored KCl Crystals 
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HALPERIN 


Department of Physics, The Hebrew University, Jerusalem, Israel 
(Received July 15, 1957) 


A double-Dewar vacuum system, with an effective liquid-air trap close to the crystal inside it, is de 
scribed, Undisturbed thermal-bleaching curves obtained with this system do not show any restoration of 
F centers when one warms KCI crystals x-irradiated at liquid-air temperature. 

The thermal-bleaching curves obtained show steep fall-offs at certain temperatures throughout the ex 
amined temperature range of 90-000°K. The temperatures of fall-off in the bleaching curve fit well those 
of the peaks in the thermoluminescence curves obtained for the same crystal. This implies that F electrons 
are involved in practically all the luminescence peaks appearing in the glow curves of KCI crystals. 


INTRODUCTION 


T is well known that color centers (e.g., # centers), 
induced in alkali-halide crystals by x-ray irradia- 
tion, can be bleached optically as well as thermally.' 

The bleaching process, however, is not fully under- 
stood. Initially, just after the irradiation by x-rays, the 
F centers bleach rapidly, but bleaching becomes later 
increasingly more difficult. Some investigators’ sug- 
gested that more than one type of F center exists and 
the differences in the rate of bleaching were attributed 
to the different types of F centers. As was already 
pointed out by Seitz,’ this suggestion should be dis- 
carded for it is difficult to believe that different types 
of centers will have so many common features as the 
“soft” and “hard” F centers possess. The alternative 
suggestion was that the different relaxation energies for 
the thermal bleaching of F centers result from differ- 
ences in the energies*needed for the annihilation of 
electrons in F centers by holes in the different V centers. 

Valuable information about the bleaching process 
was obtained by thermal-bleaching experiments in 
which the colored crystals were bleached by uniform 
heating, absorption measurements being made during 
warming. Grant® used this method for the examination 
of the thermal bleaching of KCI in the temperature 
range between room temperature and about 160°C. 
The shape of the optical density curve measured at the 
peak of the F center as a function of temperature 
enabled him to calculate two different activation en 
ergies for the “‘soft”’ and “hard” F centers. 

The method of thermal-bleaching measurements was 
discussed at length by Lushchik,*‘ who, following the 
computations by Randall and Wilkins® for luminescence 
glow curves, has similarly calculated the dependence 
of the optical density at the ¥-band peak on tempera- 


1 For references see the reviews by F. Seitz, Revs. Modern 


Phys. 18, 334 (1946); 26, 7 (1954). 

2 J. J. Oberley and E. Burstein, Phys. Rev. 79, 217 (1950). 

4 .—. F. Grant, thesis, University of Durham, Durham, England, 
1950 (unpublished). 

‘Ch. B. Lushchik, J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 488 
(1956) [translation : Soviet Phys. JETP 3, 390 (1956) }. 

6 J. T. Randall and M. H. F. Wilkins, Proc. Roy. Soc. (London) 
A184, 347, 366, 390 (1945). 


ture. He has also shown that the thermal-bleaching 
method has many advantages, compared with the 
method of luminescence glow curves and photocon- 
ductivity for studying traps in crystals. Experimentally 
Lushchik, like Grant, restricted his measurements to 
temperatures at and above room temperature. 

Difficulties arise if one tries to extend such meas- 
urements below room temperature. Hesketh and 
Schneider®’ attempted to measure the thermal bleach- 
ing of F centers in KCl irradiated at 113°K on heating 
the colored crystal to room temperature. The bleaching 
curves showed peaks at about 170°K which they have 
interpreted as due to restoration of F centers. Similar 
peaks were obtained in measurements of color centers 
in CdS crystals.” In this case the authors suggested 
that the peaks were caused by vapor films which con- 
densed on the surface of the cold crystal. Later this 
suggestion was shown to be true when the disturbances 
were successfully eliminated.’” Measurements of thermal 
bleaching of color centers could now be taken over a 
wide range of temperatures. Such measurements of 
F centers in KCl crystals were carried out in the 
present work starting from liquid-air temperature, up 
to 600°K. The curves show the existence of, at least, 
12 activation energies for the release of electrons from 
F centers. It was further shown that a good correlation 
exists between thermal bleaching and thermolumines- 
cence of the same crystal." 


EXPERIMENTAL 


A Beckman DU spectrophotometer was used 
throughout the work. A few modifications, however, 
had to be made to adapt the spectrophotometer for the 
present work. 


*R. V. Hesketh, thesis, University of Durham, Durham, 
England, 1953 (unpublished). 

7R. V. Hesketh and E. E. Schneider, Phys. Rev. 94, 494 (1954). 

* A. Halperin and G. F. J. Garlick, Proc. Phys. Soc. (London) 
B68, 758 (1955). 

* A. Halperin and G. F. J. Garlick, Phys. Rev. 95, 1098 (1954). 

” A. Halperin and A. A. Braner, Phys. Rev. 98, 1135 (1955). 

" The results of the glow-curve experiments are described in 
the preceding paper [A. Halperin ef al., Phys. Rev. 108, 928 
(1957) ], which will be further referred to as paper I. 
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Fic. 1. Schematic diagram of the double-Dewar vacuum cryo- 
stat. Di, Dy—two German-silver Dewars; H,—crystal heater; 
Hz—external heater; 7—thermocouple; S—insulating seal; C— 
ground metal cone; 7—crystal holder; Cr—crystal; Wi, Wa, W,; 
windows; R—radiation shields and vapor trap; B—container. 


First, the cell holder was replaced by a special mount 
to fit the vacuum cryostat, housing the crystal under 
examination (see below). 

At the start of the measurements the de amplifier in 
the spectrophotometer was found to possess a tempera- 
ture sensitivity which caused considerable zero drift. 
The amplifier was therefore redesigned. The modified 
amplifier consisted of a pair of electrometer triodes, 
which served as a differential amplifier, followed by a 
double triode connected as a balanced cathode follower. 
A Brown recorder at the output of the amplifier per- 
mitted continuous recording of transmission or lumi- 
nescence. The high stability of the modified apparatus 
resulted in very accurate records of the thermal- 
bleaching curves. 

Optical densities of the examined crystals were deter- 
mined by comparing the light intensity transmitted by 
the crystal, to that transmitted by a reference hole in 
the crystal holder. For this purpose the cryostat was 
rocked in its mount between two fixed positions, bring- 
ing either the reference hole or the crystal into the 
optical path. 

An RCA 1P21 photomultiplier sensitized to ultra- 
violet by L Apiezon grease was used as a radiation 
detector in most of the measurements. 

The vacuum cryostat was a metal double-Dewar 
system, a diagram of which is given in Fig. 1. The inner 
walls of the Dewars were made of thin german-silver 
tubes. One of the Dewars (D,) had an interchangeable 
copper crystal holder (H) attached to its lower part. 
A heating element (17;) wound on a copper bar was 
screwed ‘into the base inside the Dewar, thus making it 
possible to heat the crystal from liquid-air temperature 
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Fic. 2. Recorder tracing of a thermal-bleaching curve of a 
KCI crystal x-irradiated for 1 hour at liquid-air temperature 
(The heating rate was about 30 deg/min.) 


up to about 700°K. Temperatures were measured by a 
copper-Constantan thermocouple (7). A ground cone 
fitting (C) permitted the rotation of the crystal out of 
the optical axis where it could be x-rayed through the 
window (Ws). 

The second Dewar (D.) has its lower end extended 
by two copper screens (R), shielding both sides of the 
crystal. This Dewar if kept at liquid-air temperature 
during the measurement provides an effective trap for 
vapors which otherwise might condense on the crystal 
surfaces.” 

The vacuum system was closed by the container (B) 
which fitted the mount between the monochromator 
and the detector compartment of the spectrophotometer. 
Quartz windows (W,) and (W,) allowed optical access 
through the crystal (Cr). An external heater (2) 
attached to the container prevented atmospheric vapors 
from condensing on the windows. 

Most of the examined crystals were in the form of 
plates, about 1 mm thick and 5X6 mm in the other 
dimensions, cleaved from pure KCI single crystals 
supplied by the Harshaw Chemical Company. 

The crystals were colored in the dark, inside the 
cryostat by putting them at nearest access (3-4 cm) 
to the window of a General Electric x-ray tube operated 
at 45 kvp, 14 ma with a copper target or 45 kvp, 20 
ma with a molybdenum target. 


RESULTS 


A typical record of a thermal-bleaching curve is 
represented in Fig. 2. The crystal was x-rayed (Mo 
target, 45 kvp, 20 ma) for 1 hour at liquid-air tempera 
ture. On measuring thermal bleaching, errors may arise 
due to shifts in the wavelength of the peak and changes 
in the width of the F band, which take place on warm 
ing. Elimination of effects due to the shift in wavelength 
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Fic. 3. Thermal-bleach 
ing curve of a KC] crystal 
x-irradiated for 1.2 hours at 
room temperature. (The 
heating rate was about 30 
deg/min.) 
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was secured by measuring the transmission at the wave- 
length of half peak density to the lower wavelength 
side of the F band (5170 A for KCl), which was shown 
by Pohl to be temperature independent. Changes due 
to temperature broadening are less serious, for the de- 
crease in density caused by broadening is proportional! 
to T', where T is the temperature in °K,” and its 
effects on the bleaching curve can be eliminated easily. 

A green filter (Wratten 61) was inserted in the light 
path between the crystal and the detector to absorb 
the thermoluminescence which might interfere with the 
transmission measurements. 

The shape of the bleaching curve obtained in Fig. 2 
shows that bleaching takes place mainly at several 
characteristic temperatures. In other words, several 
activation energies exist for the thermal bleaching of 
F centers. 

Figure 3 shows the bleaching curve obtained after 
x-irradiation at room temperature. The curve shows in 
a more pronounced way the bleaching process at 
higher temperatures. 

The characteristic bleaching temperatures (7,), for 
release of electrons from F centers can be obtained 
from these curves. It should be noted that the method 
is much less sensitive than the glow experiments, for 
values of 7), are obtained from deviations in the slope 
of the bleaching curve, which are in some cases quite 
small. Nevertheless, reproducibility of such variation 
in many repeated experiments showed that they are 
not accidental, 

It was further found that the 7) values obtained in 
the bleaching experiments fit well the peak temperatures 
(T,) of the glow curves obtained for the same crystal 
(see paper 1). These values are compared in Table I. 
The deviations of the 7, values from the corresponding 
T, values are not surprising, as almost the same varia- 
tions were obtained also when comparing glow curves 
in different experiments. These variations were attrib- 
uted to changes in the rate of cooling of the crystal 
from one experiment to the other, as well as to small 
variations in the rate of heating of the crystal. In 


(London) 49, (extra part), 3 


Pohl, Proc. Phys. Soc 


BR. W 
(1937) ’ 
N. T. Mott and R. W. Gurney, Electronic Processes in Ionic 


Crystals (Oxford University Press, New York, 1940). 


AND A. 


HALPERIN 


addition, fixing of the peak temperatures was difficult, 
especially for unresolved peaks, and is in some cases 
estimated to about +10 degrees. 

The correlation between the processes of thermal 
bleaching and thermoluminescence is better demon- 
strated when densities are computed from the trans- 
mission values in the bleaching curves and temperature 
derivatives, dD/dT, are plotted against T. This makes 
possible direct comparison with the glow curves. 

It was shown by other investigators‘ that the addi- 
tional density D produced in the F band on x-irradiation 
of a given crystal is proportional to the number of 
electrons in the F centers—ny. On the other hand, the 
luminescence intensity / of a given glow peak should 
be proportional to the rate of release of electrons from 
F centers (or for some peaks to the rate of release of 
holes from trapping states, and subsequent annihilation 
of F electrons by recombination with these holes). 
Therefore [« —dny/dt; and. on warming at constant 
rate, / is proportional to dnp/dT, and therefore also 
to dD/dT. 

Figures 4 and 5 illustrates this correlation, Fig. 4 for 
a crystal irradiated at liquid-air temperature, and 
Fig. 5 for one irradiated at room temperature. It seems 
that practically all the peaks in the glow curve should 
in some way be related to the relaxation of F centers. 

Relative intensities of the glow peaks, with the 
exception of two (at 250 and 280°K), fit fairly well the 
corresponding dD/dT values. Even more, good corre- 
spondence was obtained also for the peaks at 250 and 
280°K for unaged crystals for which the intensities of 
these peaks were still normal. After aging of the crystal 
(by many repeated cycles of cooling, x-irradiating, and 
heating), however, these peaks have increased in in- 
tensities by a factor of hundred or more (see paper I), 
while the bleaching curves did not change appreciably. 
The increase in glow intensity by aging should, there- 
fore, be attributed to an increase in the luminescence 
efficiency of the concerned transitions, and not to a 
change in the number of F electrons released during 
the glow. 

DISCUSSION 


The thermal bleaching of the F centers in colored 
KCl crystals was shown in the present work to take 
place mainly at certain characteristic temperatures and 
a good correlation was found to exist between these 


Tas_e I. The characteristic bleaching temperatures (7%), for 
the release of electrons from F centers, compared with glow-peak 
temperatures (7',) for the same crystal. 


Ts Ts 7 Ts 


120 125 315 
140 145 3600 
170 170 390 
230 250 420 
265 280 520 





THERMAL 


temperatures and the peak temperatures in the glow 
curves of the same crystal. This seems to imply that the 
activation energies for the relaxation of F centers are 
to be identified with the thermal activation energies 
obtained from the glow curve. This view is supported 
by the results obtained by Lushchik,‘ who, working 
independently, has examined the thermal bleaching of 
KCI crystals. On warming the crystal up to 380°K and 
subsequent cooling to room temperature, Lushchik was 
able to obtain “crystals in which there were practically 
only traps of a single depth.” The glow curve obtained 
contained practically only one peak at 410°K. This 
seems to correspond to the peak obtained in our work 
at 415°K, the difference being attributed to difference 
in rate of heating which was about 0.5 degree /sec in 
our work compared to 0.15 degree/sec in Lushchik’s 
work, On measuring the thermal bleaching under the 
same conditions, Lushchik obtained a curve with a 
single rapid fall-off from which the corresponding 
activation energy was calculated. The value of 0.97 ev 
given by Lushchik (or 1.02 ev obtained by him by 
another method) fits well the value of 1 ev obtained in 
our glow experiments for the glow peak at 415°K (see 
paper I). The bleaching curves in our experiments, 
though complex, allow in some cases a rough estimation 
of activation energies,'* which fit the results obtained 
from our glow curves. 

Although the temperatures (7',) of the peaks in the 


glow curves fit well those of the peaks in the dD/dT 
curve (T,), the heights of the peaks do not. This misfit 
is especially striking for the glow peaks at 250 and 280°K 
which increased enormously in intensity on aging the 
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Fic. 4. Correlation between glow curves and thermal-bleaching 
curves obtained after x-irradiation (1 hour) at liquid-air tempera 
ture: a—glow curve; b—temperature derivative of the thermal 
bleaching curve for the same crystal. 

4 The formula Er =k7T)?/d, In2 used by Lushchik was also the 
basis for our estimations 
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Fic. 5. Correlation between glow curves and thermal-bleaching 
curves obtained after x-irradiation (1 hour) at room temperature 
aglow curve: 6—temperature derivative of the thermal-bleach 
ing curve for the same crystal. 


crystal, the bleaching curve remaining practically the 
same (see Fig. 4). We may infer from this fact that the 
increase in intensity on aging the crystal is mainly due 
to an increase in the luminescence efficiency of the 
transitions involved, while the number of I’ electrons 
does not change considerably. 

Mention should also be made of the “shelf” above 
200°K appearing in the bleaching curves (lig. 2), As 
mentioned before, the curve should show a downward 
slope on warming the crystal, owing to the temperature 
broadening of the F band. This slope can easily be 
obtained by cooling to liquid-air temperature a crystal 
x-irradiated at some higher temperature. On rewarming, 
one gets then the pure broadening effect up to the 
temperature at which the crystal was x-irradiated, The 
origin of the anomalous shelf is yet uncertain. It might 
be attributed to traces of vapor which the liquid-air 
trap in the cryostat fails to condense, and which there 
fore reach the crystal surfaces,’ leading to a small 
scale “Hesketh effect.” It seems, however, very im 
probable that such an effect would just compensate the 
drop in the curve due to the temperature broadening 
of the F band. 

It should be stressed again that no restoration of 
F centers takes place on warming the crystal. We have 
repeatedly x-irradiated our crystals and then partially 
bleached them by F light. It seems that F irradiation 
changes the bleaching curve to some extent. It is, how 
ever, certain that with the effective trap inside the 
cryostat in action, no rise is obtained in the bleaching 
curve. 

This conclusion is in opposition also to results re 
ported by Katz,!® according to which the concentration 
of F centers was observed to rise on heating the crystal 
to the temperature of the first visible luminescence 
burst. There are no details in the paper by Katz as to 
the exact conditions for which this effect was observed. 
We suppose that it should also be attributed to dis 
turbances by vapors condensing on the crystal surfaces 

Katz has also suggested a model to explain his ob 
Phys. (U.S.S.R.) 18, 501 


6M. L Theoret 


(194% 


Katz, J. Exptl 
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servations, including an explanation of the “restoration” 
of F centers. Although this explanation should be dis- 
carded according to our views, there is a part of his 
model that might be taken into consideration. This 
concerns his assumption that defect levels near the 
valence band are responsible for some of the peaks in 
the thermoluminescence curve. By thermal agitation, 
holes trapped in these levels are freed into the valence 
band and combine with electrons from F centers. The 
luminescence emitted at the same time is due to one of 
the transitions involved in the process of annihilation. 

It is of interest to point out that the thermal activa- 
tion energy of 0.29 ev found by us for the glow peak at 
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125°K fits well the gap between the valence band and 
the 8B band which was calculated by Bassani and 
Inchauspé'* to be 0.28 ev for KCI. Similarly, the value 
of 0.53 ev found by the same authors for the gap be- 
tween the a band and the valence band seems to fit the 
thermal activation energy of the glow peak at 250°K. 

However, before any model is given to account for 
the thermal bleaching and thermoluminescence phe- 
nomena, it seems profitable to measure the thermal 
bleaching curves for all the P-type, V-type, and a- and 
B-type centers, which is in our program now. 


‘°F, Bassani and N. Inchauspé, Phys. Rev. 105, 819 (1957). 
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Thermal Breakdown in Silicon p-n Junctions 
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It is shown that the normal avalanche breakdown of well-etched silicon p-n junctions can pass at higher 
temperatures into a kind of thermal breakdown at which most of the current flows through a small hot hole 


in the potential barrier. 


T is known that the breakdown in broad silicon p-n 

junctions is caused by an avalanche process!” and 
that the passage of a reverse-bias breakdown current is 
usually accompanied by the emission of visible light.’ 
In some well-etched grown silicon p-n junctions, we 
have observed that on increasing the breakdown cur- 
rent we finally reach a point a (Fig. 1) where the cur- 
rent-voltage characteristic U=U,=const suddenly 
changes. The change can be described asa fast jumping 
from a state a to another a’ followed by a characteristic 
which can be at least approximately described as 
U =const/J. The current J, at a is smaller if the tem- 
perature of the junction is higher. The characteristic 
given in the figure assumes its normal form UL’ = const 

Uy’ (where | U,’| <|Uy|) when the maximum of the 
external sinusoidal voltage is passed, 

The process occurring at the point a is accompanied 
by a sudden change in the aspect of the light emitted. 
In the avalanche breakdown region for |J| <|J,| the 
junction usually appears as a sequence of more or less 
intense bright white spots forming eventually an almost 
continuous line; simultaneously with the jump a— a’ 
all these white spots disappear and a single red spot 
appears. When measuring with direct current we can 
maintain this red spot once generated even with a cur- 


1K. G. McKay and K. B. McAfee, Phys. Rev. 91, 1079 (1953). 
*K. G. McKay, Phys. Rev. 94, 877 (1954). 

*R. Newman, Phys. Rev. 100, 700 (1955). 

4A. G. Chynoweth and K. G. McKay, Phys. Rev. 102, 369 
(1956). 


rent intensity smaller than J,. With increasing current 
its dimensions increase and its color darkens and finally 
its outlines become diffuse. Its position is not stable; 
it often shows a tendency to dwell at the corners of the 
sample. Its temperature is considerably higher than the 
temperature of the rest of the junction or the tempera- 
ture of the mentioned white spots; e.g., a cigarette paper 
catches fire at the red spot. The recently observed ex- 
ternal electron emission from silicon p-n junctions? is 
very much smaller from this red spot than from white 
spots. 

We suggest that the observed effect is caused by a 
temperature rise in a certain small part of the junction 
in which the potential barrier ceases then to present a 
resistance to the flow of the current. Through this glow- 
ing spot the major part of the current passes producing 
the necessary heat to maintain its high temperature. 
We assume that the normal avalanche breakdown can 
pass into this kind of breakdown if it is energetically 
more economical. If we consider McKay’s breakdown 
as a solid state analog to the glow discharge in gases, 
this breakdown would correspond to a kind of are 
discharge. 

We could make a rough theoretical estimate of this 
process by assuming that the whole current passes 
through a circular hole in the barrier with a radius ro. 
This hole has a uniform temperature 7,, which is higher 
than the temperature 7) at the contacts. To calculate 


* |. Tauc, Nature (to be published). 
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the temperature rise AT =T,,— To, we use. the relation 
(5.14) and the remark IT in Sec. 5 in the book by 
Holm.* In our case not all symmetry conditions are 
accurately satisfied under which Eq. (5.14) is valid and 
we must consider it here only as an approximation. 
We obtain 


U*=2ATT ((pndn))*+ ((pprp))* F, (1) 


where pn, pp are resistivities of the m and p type ma- 
terials and A», A, their heat conductivities ; the brackets 
denote the mean values in the temperature range 7, 7\n. 

To estimate T,, experimentally, we compared the 
brightness of the red spot with that of a heated wire in 
an optical pyrometer calibrated against a blackbody 
and made a correction for the reflectivity of silicon 
(using the value 0.35 for the reflectivity coefficient’). 
For the junction the characteristic of which is in Fig. 1 
and in the range of direct currents J from 50 to 160 ma, 
the temperature 7, varied from 780 to 600°C, the 
temperature 7) from 110 to 180°C, and the voltage U 
from 79 to 63 v. The mean value of U?/AT deter- 
mined from this measurement was 9.5 v*/degree with 
a maximum deviation +7%. It is difficult to compare 
this result with Eq. (1) as the values of Ay, A, have not 
been measured yet in the high-temperature range. To 
make a rough estimation, we supposed them constant 
(An=A,=A) and put into Eq. (1) the experimentally 
determined values of U?/AT and further the values 
(pn) = 1.4 and (p,)=0.5-ohm cm which were both found 
almost constant for the considered values of T,, and 7’p. 
We thus obtained for \ a value of about 1.3 w/cm 
degree, the order of magnitude of which appears 
reasonable. 

One can calculate ro from a relation which can be 
deduced from Eqs. (7.07) and (4.15) of reference 6. 
To obtain a rough approximation we introduce the 
mean values (p,A,) and (p,A,) into the integral in Eq. 


®*R. Holm, Electric Contacts (Hugo Gebers Férlag, Stockholm, 
1946). 

7H. Y. Fan and M. Becker, Semiconducting Materials (Butter- 
worth Scientific Publications, London, 1951), p. 132. 
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Fic. 1. The current-voltage characteristic of a grown silicon 
p-n junction of 0.160.16 cm* cross section measured oscillo 
graphically at 50 cps. The temperature 75 was about 250°C 


(7.07) and have: 
U= ((pnAn ), Anot (p pA p) Apo) J /4r 0 
mS (pn) } (pp)) J ‘Ary, 


where Axo, Apo are the heat conductivities at the tem 
perature 7’). The values of the diameter 2r9 calculated 
from Eq. (3) varied from 610 cm with the current 
50 ma to 2.2 10~* cm with 150 ma. The poorly defined 
dimensions of the nearly circular red spot measured 
with a microscope were of the same order of magnitude 
and depended in the same way on J. 

The agreement between this rough theory and experi- 
ment found both in the general features of this effect 
and in the order of magnitude of the values concerned 
is considered as evidence of the correctness of the 
proposed pic ture, 

The temperature rise was not high enough to damage 
the silicon p-n junctions. However, it is high enough to 
cause a generation of thermal acceptors in germanium. 
We suggest the possibility that such an effect would 
explain the well-known easy permanent damaging of 
germanium p-n junctions by an overloading in the 
breakdown region. 

We thank Dr. Z. Trousil for the preparation of the 
silicon p-m junctions and Dr. M. KffZek for his help 
with optical measurements. 
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The expression for the energy of an exciton state contains certain dipole lattice sums. These sums are 
strongly dependent on the direction of the propagation vector of the exciton, even when the magnitude of 
this vector is very small. As a result, the energy of an optically-excited exciton may depend strongly on the 
direction of propagation of the absorbed radiation, if the excitation takes place coherently over a region 
whose linear dimensions are comparable with or much larger than a wavelength. The behavior of the lattice 
sums may also introduce a dependence of the exciton polarization and of the absorption coefficient on the 
direction of propagation. The magnitudes of these effects were calculated for the cases of the first and second 
transitions of naphthalene and of anthracene. Experimental observations of the extent to which these effects 
occur could provide information on the dimensions of the region of excitation of the exciton. 


I. INTRODUCTION 


( PTICAL transitions from the ground state of a 

crystal to an exciton level are forbidden unless 
the propagation vector k of the exciton equals ko, that 
of the absorbed radiation.’ The number of exciton states 
corresponding to a given excited molecular energy level, 
and having a given k, equals the number of molecules 
per unit cell times the degeneracy of the molecular 
level.?* There may, therefore, be more than one allowed 
transition from the crystal ground state to each exciton 
band, even when the corresponding molecular level is 
nondegenerate. These allowed transitions generally 
differ from one another in energy and _ polarization. 
Splitting of nondegenerate molecular levels (Davydov 
splitting”) has been observed by Craig and Hobbins‘ and 
by Sidman’® in anthracene, by McClure and Schnepp* in 
naphthalene, and by Broude, Medvedev, and Prikhot’ko’ 
in benzene. 

The ratio of ky to the magnitude of a primitive 
translation vector of the reciprocal lattice is small 
(10-? 
Davydov that in calculating the magnitude of the 


to 10°*). For this reason, it was assumed by 


splitting and predicting the polarizations, one may take 
k=0 as an approximation. If the intermolecular inter- 
action energy which causes this splitting can be ex- 


* Research supported in part by the U.S, Air Force through the 
Air Force Office of Scientific Research of the Air Research and 
Development Command 

t Present address: Institute of Optics, University of Rochester, 
Rochester, New York 

t Now at the Physics Department, Stanford University, Stan 
ford, California. 

1]. Frenkel, Phys. Rev 
Physik 13, 905 (1932). 
2A. S. Davydov, J 

(1948) 

*H. Winston, J. Chem. Phys. 19, 156 (1951) 

‘DPD, P. Craig and P, O. Hobbins, J. Chem. Soc 
2309; D. P. Craig, J. Chem. Soc. 1955, 2302 

* J. W. Sidman, Phys. Rev, 102, 96 (1956) 

*D. S. McClure and O. Schnepp, J. Chem 
(1955) 

7 Broude, Medvedev, and Prikhot’ko, | 
(U.S,S.R.) 21, 665 (1951) 


37, 17, 1276 (1931); R. Peierls, Ann 


Exptl. Theoret. Phys. (U.S.S.R.) 18, 210 


1955, 539, 


Phys. 23, 1575 


Exptl. Theoret. Phys 


panded as a series of multipole interactions in which all 
the terms are of higher order than dipole-dipole,’ this 
approximation is valid. However, if the expansion does 
contain dipole-dipole terms, the convergence problems 
of dipole lattice sums must be considered ;*~" if an 
exciton packet is excited with coherent phase over a 
region whose linear dimensions are greater than a wave- 
length of the absorbed radiation, the sums are strongly 
dependent on the direction of k, even for small k. As a 
result of this direction dependence, the frequencies and 
polarizations of the absorbed radiation vary with 
k-direction, if the exciton-packet dimensions are suffi- 
ciently large at the time of excitation (Secs. III and IV). 

In addition to a discussion of these variations we 
present the results of calculations of the magnitudes of 
the various effects in the cases of the first and second 
electronic transitions in naphthalene and anthracene. 
For two reasons, these numerical values should not be 
taken as predictions of the results of future experiments, 
but rather as a guide to the interpretation of these 
experiments. First, the calculations are based on the 
assumption that each photon is absorbed over a region 
of dimensions large compared with a wavelength; if 
this is not so (i.e., if a small exciton packet is excited) 
the variations will be reduced, and possibly not ob- 
servable. Second, in at least one case (the second 
transition in anthracene), there is some question as to 
the rapidity of convergence of the perturbation calcu- 
lation which was used, so that even with assumption of 
coherent absorption over a large region, the results are 
good only in order of magnitude. 

The Davydov splitting itself indicates some degree of 
nonlocalization of the excitation at the time of absorp- 
tion. In each of the experiments performed to date, the 
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observations were made with only one direction of Ko. 
A study of the dependence of transition energies and 
polarizations on direction of ky can yield further 
information as to the extent of coherent excitation. 


II. EXCITON ENERGIES AND DAVYDOV SPLITTING 


The material of this section has been described in 
detail elsewhere.!~*:!*:* We shall discuss, without proof, 
certain results which will be required. 

The crystal Hamiltonian may be written as 
H=H o+V, where Ho is the sum of molecular Hamil- 
tonians, and V is the sum of interactions between 
molecules. In treating the lowest states of molecular 
crystals, the term V may be taken as a perturbation. 

The ground state of the crystal, in lowest order, is the 
product of ground state functions of all the molecules. 
In a crystal with one molecule per unit cell, the exciton 
functions! 


Yn" - ds eik rp y* (1) 


may be constructed from crystal states WV y* in which 
the Jth molecule is excited to the ath (nondegenerate) 
state, and all other molecules are in their ground 
states; ry is the position of the center of the Jth 
molecule with respect to some arbitrary origin. The 
functions Vy* are antisymmetric with respect to elec- 
tron exchange. For a given a, they are degenerate eigen- 
functions of Ho. The functions (1) (with k taking on the 
usual allowed values in the first zone of k-space) are, 
therefore, also eigenfunctions of , but they diagonalize 
the submatrix of V which corresponds to a fixed a 
(the a submatrix), and V splits the degeneracy. 

If there are g molecules per unit cell, and the ath 
molecular level is again nondegenerate, we may take 
the ‘‘one-site excitons” 


Pix” dy ek a (2) 


as basis functions.?* The antisymmetrized function W ; 
represents a crystal state in which the molecule at 
the jth molecular site of the J/th cell, at position rj,, is 
excited to the ath state, and all the other molecules are 
in the ground state. The function (2) represents a 
sharing of the excitation among jth-site molecules only. 
Matrix elements of V between states with different k 
will vanish, but the a submatrix will contain non- 
vanishing off-diagonal elements between states with 
the same k but different 7. The correct zero-order wave 
functions, obtained by diagonalization of the a sub- 
matrix, will be the g linear combinations 


ta > 5 Coie in® (3) 

of the one-site excitons. The set of coefficients C,’ 
depends on both k and a. 

An optical transition from the crystal ground state to 

one of the exciton states (3) is allowed only if k is 

equal to ko, the propagation vector of the incident 


27). L. Dexter, Phys. Rev. 101, 48 (1956) 
4°W.R. Heller and A. Marcus, Phys. Rev. $4, 809 (1951), 
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radiation.! For each direction of ko, this selection rule 
permits one transition for each value of o. Some of these 
transitions may be prohibited by further selection rules 
arising from the symmetry restrictions imposed by that 
subgroup of the factor group which leaves k invariant.’ 

The polarization vector of an exciton state may be 
defined as 


P,=);C.‘p;*, (4) 


where p,* is the molecular transition dipole moment 
taken between the ath excited state and the ground 
state of a molecule with jth-site orientation. The vector 
P, is dependent on k and a. The integrated absorption 
coefficient of, the transition from the crystal ground 
state is, in lowest order, 


(49%, /nhcv) P,? cos*y, (5) 


where » is the real part of the index of refraction of the 
crystal, v is the volume of a unit cell, and y is the angle 
between P, and the polarization vector of the absorbed 
radiation. The maximum possible value of cosy will be 
one only if the optically active exciton is transversely 
polarized. In designating the polarization of an absorp- 
tion, we shall refer to the polarization of the exciton, 
rather than to that of the radiation. 

With the set of functions (2) as a basis, the elements 
of the a submatrix of V contain the following types of 
terms!:**%; (a) Coulomb terms, representing inter 
actions between pairs of ground-state molecules, or 
between ground-state and excited molecules; (b) excita 
tion-exchange terms, which are matrix elements of the 
interaction between two molecules, taken between one 
state in which only the first molecule is excited and 
another in which the excitation has been transferred to 
the second molecule; (c) terms 
(arising in the usual way from the antisymmetrization 
of the wave functions), in which a pair of electrons is 
molecules ; 


electron-exchange 


exchanged between the two interacting 
(d) electron- and excitation-exchange terms, in which 
both a pair of electrons and the excitation are ex- 
changed. 

In crystals of aromatic molecules, terms of type (d) 
are negligible.4.* The terms (c) are either negligible or 
else cancel in the difference between crystal ground 
state and exciton state energies, so that they do not 
affect the transition frequencies. The terms (a) usually 
cannot be neglected; however, they appear only in the 
diagonal matrix elements of V, and are independent of 
k and j. They will, therefore, not enter into the varia- 
tion of energy or of polarization with ko, with which we 
shall be primarily concerned. Their contributions will 
be discussed briefly in Sec. IIL. 

The terms (b) are modulated sums of the form 


E ete fads) VoMabys'drarys, (6) 
J 
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where Wo» and W,, are the ground state wave functions 
of molecules at the origin and at the jth site of the Jth 
cell respectively, while the primed functions designate 
the corresponding excited states; Vo// is the interaction 
between the zeroth and the j/th molecule. In the 
diagonal elements of the a submatrix, the two inter- 
acting molecules occupy the same site in their respective 
cells, while in the off-diagonal elements, they occupy 
different sites. 

If the interaction Vo’ is expanded as a series of 
multipole-multipole terms, each matrix element con- 
tained in the sum (6) will be expanded into a series of 
interactions between transition multipoles. If the mo- 
lecular optical transition is dipole-allowed, the lowest 
order terms in the expansion will be dipole-dipole. 

The preceding discussion may be generalized to the 
case in which the ath molecular level is m-fold de 
generate.* The basis functions (2) are then replaced by 
a set of mg functions in each of which the index a is 
supplemented by another index, n=1, 2, ---, m, which 
designates the particular molecular state of the de- 
generate level which is excited. The degenerate case is 
discussed briefly in Sec. VI. 


III. FIRST-ORDER PERTURBATION CALCULATIONS 


In this section, we shall consider a crystal with two 
molecules per unit cell; the excited molecular state from 
which the exciton functions are constructed is non- 
degenerate. The mixing of states of different exciton 
bands (in higher order of perturbation theory) will be 
ignored, and it will be assumed that at the time of 
absorption, the excitation is coherent over a large 
enough region that calculations for exciton functions of 
infinite extent apply. 

The two molecular sites in the various unit cells will 
be designated by j= A and j= B. For simplicity, A and 
B will also be used to designate the one-site excitons 
¢gax® and gay, respectively. The matrix elements of V, 
corresponding to a given k, are Vaa, Van, Vea, and 
Vn», with the index k implicit. 

In the dipole-dipole (d-d) approximation, the matrix 
elements (6) may be written?*:” 


Vig= Ds e™ (ps py) [754 |* 


—3(pi-tjs)(py-tjs)|rj9|-*J; i, f= A,B; (7) 


where pa™= Ppa", Ps™ Px; with Eq. (7) in this form, the 
origin must be located at an ith-site molecule. 

The summation in (7) may be carried out by Ewald’s 
method." If the exciton is excited optically, k equals ko, 
so that ka is of the order of 10~? (where a is the average 
lattice constant). The result of the summation, except 
for terms of order k*a*, may be written as 


V 55= 4arv'p* (9s)? +71], 
Van=Vaa=4ev"' p(n Ca) (m-Ca)+72), (8) 
Tim Ca (di)-Ca;) T2= —Ca- (de) “Ce, 
“Pp. P. Ewald, Ann. Physik 64, 253 (1921). 


AND 
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where v is the volume of the unit cell; p= | pa| =| pa! ; 
n, a, and €, are unit vectors in the directions of k, pu, 
and pz, respectively; (d;) and (d,) are tensors (de- 
pendent on the lattice structure, but not on k) which 
may be evaluated by methods described in references 9 
and 10. 

Lattice sums of higher order in the multipole expan- 
sion converge sufficiently rapidly with distance that 
they are independent of k for small ka. These contribu- 
tions, therefore, change only the constant terms, 7’; and 
T2, in Eqs. (8). In a molecule which, like naphthalene or 
anthracene, has a center of symmetry, transition mo- 
ments will be either all even or all odd, so that if the 
transition is allowed, the next higher interaction terms 
will be dipole-octupole (d-o), followed by octupole- 
octupole (0-0). 

Another constant correction, but only to 74, arises 
from the Coulomb terms [terms (a) of Sec. II]. In 
molecules having no permanent dipole moment, these 
terms are quadrupole-quadrupole and higher, where the 
Coulombic quadrupole moment of the entire molecule, 
either in ground or excited state, is involved. 

Calculated values of the transition octupole moment 
or of the Coulombic quadrupole moment are generally 
inaccurate in these molecules. Furthermore, some of the 
contributions to 7 and T, from second-order perturba- 
tion theory depend on certain unknown parameters 
(Sec. IV). Since we are primarily concerned here with 
the variation of frequencies and polarizations with 
direction of k, the total corrections to the constant 
terms may be determined empirically by comparing 
calculated and observed frequencies for the k-direction 
used in the experiments. 

With a large octupole transition moment, the 0-0 
terms of (6) will be of the order of 100 cm™' in crystals 
like naphthalene and anthracene; with the largest 
reasonable moment and extremely favorable molecular 
orientation, one may get about ten times this value.* 
The d-o contributions will be of the order of the geo- 
metric mean between the d-d and o-o terms. Usually, 
the Coulomb terms will be® of the order of 1000 cm~!. 
(All energies are given in wave numbers to facilitate 
comparison with experimental results.) 

Since the A-molecules have the same geometric 
relationship to one another as do the B-molecules, the 
k-independent term 7; in (7) is the same in Vau 
and Vgxz. The k-vector, however, spoils this symmetry, 
and the first term is different in the two matrix 
elements, unless 9-€,=-+°Cp. In the latter case, 
Vaa=Voep, and the diagonalization of the matrix is 
simple. The first-order energy corrections are then 
V 4a+V gp, corresponding to the eigenfunctions #, = 2-4 
<(A+B) and the polarization vectors P,=2-! 
X (pat pa). 


‘8 This is an application, in non-group-theoretical language, of 
the discussion of reference 3. The condition 4-Ca=+9°Cp is 
equivalent to the statement that k is invariant to the operations 
of the symmetry group of the dipole lattice (which may be a larger 
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In other directions of » the difference between V4, 
and Vgz will generally be of the order of the d-d 
approximation of either matrix element, and the 
energies, wave functions, and polarizations may be 
quite different from those given above. The first term 
of each matrix element of Eqs. (8), which gives rise to 
these variations, depends on , but not on &; it there- 
fore cannot be neglected, even for small ka. (When 
k=0(, this term is indeterminate; however, this in- 
determinacy has no physical meaning, since it would 
appear only if the exciton were truly infinite in extent.!') 

Details of the calculations of energies and polariza- 
tions as functions of 9 are given in Appendix I. We shall 
discuss here the results as applied to the electronic 
transitions between the ground state and the two lower 
excited states of naphthalene and anthracene, limiting 
ourselves to the case of 9 lying in the ac plane, where 
the condition 9: {4= 7° (z is satisfied. 

In each of these substances, transitions between the 
ground and the lower excited states of the free molecule 
are polarized in the molecular plane, along either the 
short or the long molecular axis. Both crystal lattices'® 
are monoclinic, belonging to space group C.,°. The 
direction of pz may be obtained from that of pa by 
reflection in the ac plane; the difference of the dipole 
vectors is therefore in the direction of the monoclinic 
b axis, while the sum is in the ac plane, along what will 
be called the u direction. The orientarion of the u axis 
within the ac plane depends on which of the four cases 
is being considered. The crystals grow with developed 
The 
carried out with 9 along the normal to the ad plane 


ab faces. observations of references 4-6 were 
(called the c’ direction). 

With » in the ac plane, Vaa equals Vaz, and the 
two allowed crystal transitions are b- and u-polarized. 
The first-order energy correction for the b-polarized 
exciton, e°”, is independent of @ (the angle between 
and the c’ axis) while that of the u-polarized exciton is 


€x =C1+C2 cos2(0—£) , (9) 


where @ is the angle between the u and c’ directions. 
Expressions for the constants e"”, C), and C2 are given 
in Appendix I and values in Table I. 

The maximum Davydov splitting occurs when 9 is 
either in the 6 direction or in the u direction, depending 
on crystal and molecular parameters. In either case, one 
of the components is longitudinally polarized and so 
cannot be observed in absorption experiments. The 
largest observable splitting would then be in the 


neighborhood of one of these directions. 


group than that of the actual crystal; in higher orders of perturba- 
tion theory, it is the group of the actual crystal that must be 
considered). 

16 Abrahams, Robertson, and White, Acta Cryst. 2, 233, 238 
(1949) ; Sinclair, Robertson, and Matheison, Acta Cryst. 3, 245, 
251 (1950). 
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IV. SECOND-ORDER PERTURBATION 
CORRECTIONS 


Corrections to the transition frequencies arising from 
second-order perturbation calculations may be im- 
portant. In determining these corrections, one must 
take as perturbing states not only “single” excitons 
(similar to the state of Eq. (3), but with different a), 
but also, as Dexter and Heller have shown, ‘‘multiple”’ 
excitons, in each of which more than one molecule is in 
an excited state.!? 

The mixing of the exciton (3) with other single 
excitons has been discussed by Craig,' who, however, 
treated only the case in which long-range effects may 
be neglected. If the exciton is excited coherently over 
a large volume, the mixing will be k-dependent. In the 
ac plane, where the first-order perturbation energy of 
the u-polarized component is given by (9), the second- 
order energy is of the form 

€u!? =C3+Cy, cos2(@—B,)+Cs5 cos4(0—B,), (10) 


while the corresponding term for the 6 component, «”, 
is independent of 9. The sum of Eqs. (9) and (10) is 
Cet+C; cos2(0—B») 

+-C’s cos4(0—f). 


(1 2 
€u = €u { €u: 


(10a) 


Contributions to the second-order energy arising 
from the mixing with multiple excitons depend in part 
on transition moments between pairs of excited states 
of the molecule, which are generally not known. Fortu- 
nately, the sum of those terms which cannot be caleu- 
lated is independent of k (see Appendix II); further 
more, it is the same for both Davydov components and 
so contributes nothing to the splitting. The remaining 
terms give results which are similar to those arising 
from perturbation by single excitons; in particular, 
Eqs. (10) and (10a) remain correct, except for a change 
of the numerical values of the constants, when the 
multiple-exciton contributions are added, and «" is 
still independent of @ when is in the ae plane. 

Values of the constants in Eq. (10a), including 
multiple-exciton contributions, are given in the table. 
The third term on the right produces an additional 
“ripple,” which, where detectable, can give a measure 
of the mixing of higher states. 

The mixing of exciton states will also mix transition 
moments and so will change the intensities of the two 
components. In this connection, one must take into 
account both the perturbation of the function (3) by 
other single excitons and of the ground state by double 
excitons. !?:!7 

McClure and Schnepp reported changes from molecu- 
lar to crystal frequencies of —545 and —379 cm™ for 
the u and 6 components, respectively, in the first elec- 
tronic transition in naphthalene at 20°K. The values 
calculated from Eq. (9), with 6=0, are both less than 
10 cm™', with negligible corrections from (10). Even if 


17T), L. Dexter and W. R. Heller, Phys. Rev. 91, 273 (1953 





942 dD. 


an average value over a packet in k-space must be 
taken (Sec, V), the results cannot be changed by more 
than a few wave numbers. The contributions from the 
remaining (n-independent) corrections could easily 
account for the observed values, if the unknown param- 
eters are large enough. The corrected values of 7; and 
7; would then be so large as to overwhelm the y-de- 
pendent terms in Eq, (8). The diagonalization of the 
matrix V,; would then be as predicted group-theoreti- 
cally for the case k=0,?~* and one polarization vector 
will be in the 6 direction, the other in the ac plane for 
any 7; however, as will be shown later, the magnitude 
of either polarization vector and the direction of the 
latter one within the ac plane may vary. The variation 
of transition frequencies will be very small, and prob- 
ably not detectable. 

In the same transition, McClure and Schnepp ob- 
served a ratio of less than 0.005 between the intensities 
of the u and 6 components, while the predicted value 
for unperturbed excitons is 4. They proposed the mixing 
with single excitons of the next higher band (short- 
axis transition) as an explanation of this discrepancy. 
They showed that a mixing coefficient of —0.068'* for 
the “ component would lead to cancellation of the 
polarization contributions from the perturbed and per- 
turbing states, so that a coefficient in this neighborhood 
is required to explain the small intensity ratio. We have 
calculated an effective coefficient of —0.052 for the 
u component (the effective coefficient takes into account 
the perturbation of the ground state) and of +0,006 
for the b component, leading to a value of 0.8 for the 
intensity ratio. This result is still far from the experi- 
mental value, but because of the near-cancellation of 
the polarization contributions, an increase of only 30% 
in the mixing coefficient for the « component leads to 
agreement with the observed value. Alternatively, an 
increase of 30% in the molecular transition moment of 
the higher excited state would also give the correct 
value. Part of the required correction may arise from 
mixing with still higher exciton states, and part from 
d-o and o-o terms in the calculation of the mixing 
coefficient. 

Although the transition frequencies are independent 
of » in this transition, the ratio of intensities of the two 
components will vary in a fairly complicated way. 
With y in the ac plane, the } axis is always perpendicular 
to », and the 6 component mixing turns out to be 
independent of 6, so that the absorption coefficient of 
this component will be constant. The absorption coeffi- 
cient of the « component will vary for two reasons. 
First, the angle y between the polarizations of the 
exciton and of the radiation would vary with 6, even if 
there were no mixing with the higher state. Second, the 
mixing coefficient will vary; since the polarizations of 


the perturbed and perturbing excitons are not parallel 


'® McClure and Schnepp’s value is +-0.068, but they apparently 
have a different convention for the sign of one of the molecular 
transition moments 
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in this component, both the magnitude and the direction 
of the resultant will vary with 6. The first effect alone 
would give an absorption coefficient proportional to 
sin?(6—6) =4[1—cos2(@—4) |; to give agreement with 
the small observed ratio at 6=0, the angle 6 would have 
to be of the order of 1°, so that the absorption would be 
nearly symmetric about 6=0. With the second (long- 
range) effect taken into account, the absorption coeffi- 
cient will contain “ripples” of the form cos4(6—6’) and 
cos6(@—6") and the near symmetry about the c’ axis 
will be removed. 

In the last three columns of the table are listed the 
values of the Davydov splitting when k is in the c’ 
direction : first the calculated values to first order then 
the calculated values with second-order corrections in- 
cluded and in the last column the experimental values. 
It may be seen that the agreement is not good. We have 
already seen that for the first transition in naphthalene, 
corrections such as the o-o terms can account for the 
discrepancy. For the second transition the same may 
be true if the components of the transition octupole 
moment are very large and if the molecular orientations 
are unusually favorable, but it is more likely that part 
of the discrepancy indicates that the exciton-packet 
dimensions are not very large compared with a wave- 
length. A variation of frequency with direction may 
still show up if these dimensions are somewhat smaller 
than a wavelength, but it would be smaller than that 
calculated here. 

The smallness of the exciton packet may also account 
for the discrepancies in the two anthracene transitions, 
but here there is also a question as to the rapidity of 
convergence of the perturbation calculation. In the 
case of the first transition, the second-order correction 
is larger than the first, while for the second transition, 
both calculated and experimental corrections are com- 
parable with the spacing between molecular states. The 
slowness of convergence will probably not change the 
order of magnitude of the energy variations described 
here, but it may seriously affect them in detail. It 
should be noted that perturbation corrections of still 
higher order can show up as higher-order ripples in 
the energy variation but again only if there is long- 
range coherence of the excitation. 


V. EXCITON PACKETS” 

The calculations of the preceding sections were based 
on the assumption that the dimensions of the region of 
coherent excitation are large compared to a wavelength. 
Lattice vibrations and other crystal imperfections may 
limit this region seriously. Even in a perfect crystal, 
if the absorption is strong, the exciton at the time of the 
optical excitation will be a packet whose depth below 
the surface of the crystal is no greater than the absorp- 
tion depth of the radiation. 

If all the packet dimensions are at least an order of 


1 We wish to thank Dr. M. Cohen for his criticisms of an earlier 
version of the material of this section. 
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magnitude smaller than a wavelength, the change in 
phase across the packet will be very small and the long- 
range effects previously discussed will not show up. In 
such a case the energy will be strongly dependent on 
the shape and size of the packet. Furthermore, there 
will be a contribution to the width of the absorption, 
either because the packet is a mixture of eigenstates, 
or because k is no longer a good quantum number (in 
the case of serious limitation by imperfections), or for 
both reasons. 

The spread of energy over the k-packet (the trans- 
form of the exciton packet in k-space) is a lower limit 
for the width of the absorption, so that the latter sets 
upper limits for the dimensions of the k-packet. Because 
the energy [ Eq. (8) | depends strongly on the direction 
of k, this limit is fairly small for the width of the 
k-packet in directions perpendicular to ko. On the other 
hand, in the direction of ko, the limit is large; in fact, 
if the expressions for the lattice sums in Eqs. (8) were 
accurate for all k, there would be no energy spread in 
this direction. The corrections for larger k become 
significant when the length of the k-packet in the 
ko direction is about a tenth the magnitude of a primi- 
tive reciprocal lattice vector or greater, corresponding 
to an exciton-packet depth of 10a or less. 

The absorption coefficient of the 6 component of the 
second electronic transition in anthracene was estimated 
by Craig and Hobbins* to be about 4 10° cm™~'; the 
width of the absorption at room temperature is an 
order of magnitude smaller than the k-dependent terms 
of Eqs. (8). If the exciton packet were limited only by 
the strength of the absorption, its depth below the 
surface would be about 30a, while the dimensions 
parallel to the surface would be those of the crystal; 
in that case, only a small part of the absorption width 
would come from the spread of energy over the k-packet. 
On the other hand, if all the absorption width were 
attributed to this spread, the depth of the exciton 
below the surface would be greater than 10a, and the 
average lower limit in other directions would be about 
ten times as large. The excitation would then be shared 
coherently by at least 10° molecules. 

Craig and Hobbins estimated the absorption in the 
u component to be at least five times stronger than in 
the b component. The absorption width of the former at 
room temperature is comparable with the k-dependent 
terms of (8). In such a strong absorption, the corrections 
to (8) for large k become important, and the calcula- 
tions of the preceding sections and of the appendices 
should be correct only in order of magnitude. At low 
temperatures and in good crystals, the packet size may 
be increased considerably in this absorption if the 
polarizations of the radiation and of the exciton are 
almost perpendicular to one another; in that case, the 
variation of the energy should be like that predicted 
here. Alternatively, one could obtain a continuous 
variation of transition frequency by rotating the 
polarization of the radiation while keeping ko fixed 
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(preferably not close to the normal to the crystal 
surface). 

VI. GENERAL CASE 


Winston’ has discussed the general case of an exciton 
formed from an n-fold degenerate excited molecular 
state in a crystal containing g molecules per unit cell. 
He assumed that the energies of optically active 
excitons are very close to the energy for k=0. The 
modifications to take the strong de 
pendence of energy on y are straightforward, For a 
given k, a gn-dimensional matrix is to be diagonalized 
In the d-d approximation, the off-diagonal matrix 
elements are now sums of interactions between dipoles 
which are at different sites, or which are not parallel, 
or both. Winston discusses the extent to which group 
theoretical methods can be used in diagonalizing the 
energy matrix when & is not close to 0; his discussion 


into account 


must also be applied to optically active excitons 

One new feature is introduced by the large energy 
variation in the neighborhood of k=0. In crystals with 
more than two molecules per unit cell, some of the 
transitions allowed by the condition k= ko are for 
bidden by selection rules arising from factor-group 
symmetry.’ Winston developed a procedure for finding 
these selection rules, on the assumption that one may 
take k= 0. If this assumption is not correct, the group 
which leaves k invariant’?! must be used in predicting 
these rules. For most directions of k, the selection rules 
break down, and all gn components, except those which 
are longitudinally polarized, have allowed transitions to 
the ground state. 

There is at least one case in which none of the new 
features discussed in this paper will appear. This is 
the cubic atomic crystal, in which the optically active 
exciton states are constructed from atomic p-states.” 
In this lattice, (d;) is one-third the unit tensor. If, 
for each k, the three p states are chosen in such a 
way that each exciton is polarized either transversely 
or longitudinally, then for small k, the three-by-three 
matrix will be diagonal. For any y, the first-order 
energy correction of either transversely polarized state 
will be —4rp*/3, and that of the longitudinally polar 
ized state 8rp*/3. Since the latter state is optically 
inactive, there is no Davydov splitting. The polariza- 
tions and energies are independent of 9. (For large k, 
the excitons will not be transversely or longitudinally 
polarized unless k lies on a symmetry element of the 
crystal.) 
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APPENDIX I 


In the first order of perturbation theory, the matrix 
elements of V are given by Eq. (8). Solution of the 
secular equation yields as corrections to the molecular 
transition energies the values ¢«" and e,"", corre- 
sponding to the wave functions g;=(aA+6B) and 
¢2:= (—bA+aB), respectively, where a?+6?=1; the 
coefficients a and 6 are real, since the V,; are real. 
The ratio Ry=a/b (or Ry 1/R,) determines the 
functions g; and g», as well as the corresponding 
polarizations: P,=(ap,+bp,) and P,= (—bp,+apsz). 

We define new variables 


r= Sumul', y=SomT 4, 


Am=(— T+ 06m /4ep)Ts; m=1,2, (11) 


where , and m are the components of 9=k/k in the 
u and 6 directions, respectively ; ¢,, and ¢ are the corre- 
sponding components of (€4= pa/pa; the components 
of Gp are, and —t,;v, 7, and 7, are defined in Sec. ILI. 
It is assumed here that 7,>0; the alternative possi- 
bility is discussed below. 

In terms of the new variables, equations are obtained 
which do not depend explicitly on the parameters of the 
crystal or of the transition, 


Am x* t y* + V, 
Ry= (— 2xy40)/(x?— y’+1), 


(= (x?— y241)2+4+-4a2y?, (12) 


with m= 1 corresponding to the upper, and m= 2 to the 
lower, of the signs +. 

If 7,<0, the variables x and y are imaginary. We 
may define the real variables x’=ix and y’=iy and 


find that 


Ay (or 2) (x, v5 T >) Ae (or 1» (y’, g: 7 T2). 


A similar relationship holds for R,,. In the following, it 
will be assumed that 7)>0. 

While the behavior in the infinite xy plane is the 
same for all crystals of the type considered here, im- 
portant differences arise from the fact that the rela- 
tionship 9u?+-m’? <1, or 


y rt. + y? ti< T3 1 (13) 


restricts the variables to the interior of the limiting 
ellipse whose equation is obtained by taking the equal 
sign in (13). Because of this restriction, a large value 
of T, (small limiting ellipse) leads to a small variation 
of \», or of R,, with change of k direction, as would be 
expected from the form of Eq. (8). 

The lines of constant energy are the coordinate 


AND 


>. YATSIV 


curves of a two-dimensional elliptical coordinate system 
with foci at x=0, y=+1. Lines of constant R,, are 
hyperbolas whose axes intersect at the origin and have 
slopes R,; and R». 

When 7 is in the ac plane (the symmetry plane of the 
crystal), y is zero. The behavior in this plane was 
described in Sec. III; the constants used there have 
the values 


C\=K(T:+ T+ t.2), 


where K = 4rp?/». 

A plane through the 6 axis and perpendicular to the 
u direction (x=) is another symmetry plane of the 
dipole lattice, but not of the actual crystal. As a conse- 
quence, the behavior in this plane is somewhat similar 
to that in the ac plane, but only to first order, since a 
perturbing state may have a different u direction. To 
this order, the optically active excitons will be b- and 
u-polarized, but in this case, it is the energy of the 
u component which is independent of angle, while the 
variation of energy of the 6 component is of the form 
of Eq. (9). 

In other directions, the polarizations will not neces- 
sarily be in the 6 and wu directions. The nature of the 
variation of polarization direction with change of 
k direction [Eq. (12) ] depends on the parameters of 
the crystal and of the transition. For example, one of the 
polarizations may always be close to the b direction, the 
other close to the u direction, for any 9. On the other 
hand, for different values of the parameters, there may 
be a continuous change of one of the polarizations from 
the 6 to the u direction, and of the other polarization 
from u to b as y is varied. 


C:=Kt.2, «=K(T,-T:), 


APPENDIX II 


We shall outline the calculations involved in the 
mixing of single excitons of different bands only for the 
case in which k is in the ac plane. Primes will be added 
to previously defined symbols to designate quantities 
associated with the molecular excited state a’. For 
example, diagonalization of the a’ matrix leads to the 
eigenfunctions g,’=27>!(A’+B’) when k is in the ac 
plane ; the index k is omitted again, since only states of 
the same k will be mixed by the perturbation. It may 
be shown by symmetry arguments‘ that there will be 
mixing between ¢, and ¢,’ only if m=n. The second- 
order corrections will be 


em? = |Va at Vap|*(Ea— Ea)", (14) 
where E, and £,’ are the energies of the molecular 
states. In deriving this expression, the relationships 
Vaae=Vew and Vag=V ea: (valid in the ac plane) 
were used. In the d-d approximation, the matrix ele- 
ments are 
V4 A’ 


(15) 


dapp'v LC (9 Fa) (Ga) — a> (di) Ea], 
Vawe=4epp'v (9: Ca) (m a')—Ca- (de) Ca’ J, 
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TABLE I. Values of constants for naphthalene and anthracene. All quantities, except the angles, are in wave-number units (cm~') 


) 


The letters N and A in the first column designate naphthalene and anthracene, respectively; the numbers 1 and 2 refer to the first 
and second electronic transitions, respectively. The constants in the following ten columns are those used in Eqs. (9) and (10a) and 
in the adjacent text. The constants of Eq. (10a) are omitted where the second-order corrections are negligible. The last three columns 
list the Davydov splitting for k in the c’ direction (@=0), with a positive sign indicating that the « component has the higher energy ; 
the first of these columns contains the theoretical value to first order of perturbation theory, the next contains the values corrected to 
second order, while the last contains the experimental values. Two experimental values are listed in the second row because of an un 
certainty in the identification of one of the components®; the two values in the third row were taken from different authors.*® 


Trans. Ci C2 Cs Cs Cr s 
M1 5 6 — 26° 
N2 — 165 450 41° 
Al 270 210 190 1000 ~ 840 46° 
A2 17000 16000 1800 12 000 9200 30° 


where the tensors (d,) and (d2) are those which appear 
in Eq. (8). Equation (10) follows from the fact that in 
the ac-plane, 9-€4={, cos(@—8)= fa and similarly 
for the primed quantities; the constants of Eq. (10) are 
St tuke «.. <s 


Cs=L(T? +35 u?), Ce Leta”, 


L= (4rpp'/v)*(Ea— Ea)"; 


T={utu' cos(B—B’)— Ga (di): Ga’ — Ca: (de) Cn’. (16) 

The procedure for the other directions of k is the 
same, except for the fact that the lower symmetry 
allows mixing of states with m#¥n. The algebra is 
further, complicated by the fact that the coefficients 
a, 6, a’, and b’ appearing in ¢,, and ¢,’ are direction- 
dependent in the general case. 

We must consider the perturbation of the state (3) 
not only by other single excitons, but also by double 
and triple excitons.’ In the case of anthracene, the 
contributions of the latter are significant. 

It may be shown that the total energy correction 
arising from the mixing of an entire band of double 
excitons with the state (3) is independent of k and is 
therefore not important for the present discussion; 
furthermore, this correction is the same for both ¢, 
and ¢»2, so that it contributes only to the average shift, 
but not to the Davydov splitting. Calculation of these 
terms is not feasible at present, since it requires the 
knowledge of transition moments between excited 
states. 

A triple exciton state will not mix with (3) unless one 
of the three molecular excitations is the same as that 
involved in (3) (i.e., the ath). We shall designate by 


& 
30 


Davydov splitting 
Ae) Ae™ Exptl 
10 10 166 
1300 30 1200 1200 170 or 320 
920 100 660 940 0 or 25 
3000 75 28000 = 21.000 ~13 000 


(a,a’,c’’) a triple exciton state in which there is one a, 
one a’, and one a” excitation ; for a complete description, 
one would also have to specify a propagation vector 
for each of the excitations."” 

The total second-order energy contribution arising 
from the mixing of (3) with all the states of the band 
of excitons (a,a’,a’’) will contain k-dependent terms 
and contributions to the splitting if and only if one or 
both of the molecular states a’ and a’ is the same as a. 
The total of the k-dependent terms from the band of 
states (a,a,a’) (where now a and a’ may or may not be 
equal) is 
(17) 


V part Vapi) *(bea'— 2) (Lata). 


This expression has the same k-dependence as does the 
right member of Eq. (14). In the case of anthracene, 
if one of the states a or a’ represents the first excited 
electronic state and the other represents the second, 
the energies are such that (17) is about a third of (14); 
if one is interested primarily in order-of-magnitude 
results, the contribution of (17) is not important 
However, there is a case in which it may be important, 
The largest values of the numerators in (14) and (17) 
are found when both a and a’ represent the state with 
transition from the ground state (in 
However in 


the strongest 
anthracene, the second excited state), 
Eq. (14), a cannot equal a’, that is, the exciton (3) is 
not to be mixed with itself; on the other hand, a may 
equal a’ in (17), and if both represent the second excited 
state of anthracene, (17) is of the order of 1000 cm™!, 

As long as we may neglect electron exchange terms, 
excitons of higher multiplicity need not be considered 
in this order of perturbation theory."” 
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Light-Induced Plasticity in Semiconductors* 
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Metallurgy Department, University of Notre Dame, Notre Dame, Indiana 
(Received February 8, 1957) 


It has been found that light of wavelength between 2.0 and 4.0 yu, or shorter than 0.4 wu, decreases the 
hardness of the surface layer of n-type germanium by 10 to 60%. The softened layer extends to a depth of 


one to two microns 


\ similar but less intense effect was observed in p-type germanium and n-type InSb 


and InAs. On the other hand, p-type silicon seems to soften to a greater extent than germanium. The effect 
is proportional to light intensity and is affected by surface preparation 


N analysis of the energy of dislocation in ger- 
manium, undertaken by Read,' revealed that it 
depends strongly upon the electron distribution within 
the dislocation. As light may produce a redistribution 
of the electrons in semiconductors, its effect upon the 
mechanical properties of these materials may be 
expected 
Such an effect which may be called a photomechanical 
effect, was indeed found by studying the microhardness 
of dark and illuminated semiconductor crystals. The 
hardness was measured with a standard Tukon micro- 
hardness tester, which employs a diamond Knoop 
indenter loaded with weights ranging from 1 to 100 
grams. This type of indenter has such a shape that the 
length of the impression produced by it is 30 times its 
depth. It is therefore, best suited for measuring the 
hardness of thin surface layers. The following sources 
of light were employed in the experiments: a 150-watt 
Hanovia SH mercury lamp, two 140-watt Westinghouse 
reflector spot lamps, and a 60-kv copper-target x-ray 


tube. 


(a) 


The experiment itself was very simple. A polished 
and etched crystal was placed under the diamond 
indenter. When desired, the illuminating lamps were 
placed at a distance of 1.5cm from the specimen. It 
should be added that the light source was never in 
contact with any part of the hardness tester during the 
experiment. (Wilson? noticed that vibrations caused 
by a light source mounted on the hardness tester can 
produce lower hardness readings.) Then the load was 
slowly applied and after 35 seconds lifted automatically. 
The longer diagonal x of the rhombic-shaped impression 
was measured under the microscope. The quantity 
H=P/(7.028X10-*x*), where P is the applied load in 
kilograms, and x is measured in millimeters, is the 
so-called Knoop hardness number. This number is 
directly proportional to the yield stress of the material,* 
and thus can be used as a convenient indicator of the 
deformability of the material. 

The photomicrographs in Fig. 1 show the relative 
sizes of Knoop impressions made on various semicon- 
ductors with and without illumination. As the length 


(c) 


Fic. 1. Knoop impressions on (a) n-type germanium crystal, obtained with a load of 2 grams, 1000 ; (b) p-type 
silicon crystal, 5-gram load, 400X ; and (c) InSb, 5-gram load, 400X. All impressions in the left-hand rows were 
obtained in darkness; those at the right, under illumination of two 140-watt reflector spot lamps 


* Supported by the Office of Naval Research 
'W. T. Read, Jr., Phil. Mag. 45, 775 (1954) 


?R. Wilson, Ph.D., Dissertation, University of Cambridge, England, 1952 (unpublished) 


'D. Tabor, Brit. J. Appl. Phys. 7, 159 (1956) 


946 





LIGHT-INDUCED 


2 
°o 
° 


s 
°° 
$ 8 


uw 
° 
o 


KNOOP HARDNE 
3 
8 § 


yn w 
° 


@ DARK 
© ILLUMINATED 


} 


° 
re} 








ee ee ee ee ee ee ee ee ee. a a a 
2 4 6 6 10 2 46 06 20 22 24 
DEPTH IN CM x 10°5 


Fic. 2 
surface of a germanium crystal containing about 2.3 10" cm 
ionized impurities. @ dark hardness; hardness under the 
illumination of two 140-watt reflector spot lamps 


Knoop hardness as a function of the distance from the 
4 


of the longer diagonal of the Knoop impression can be 
considered a measure of softness, it is obvious that the 
illuminated surface of these materials is very much 
softer than the same surface tested in darkness. Thus, 
the crystals whose hardness impressions are shown in 
Fig. 1 softened by 55% (Ge), 70% (Si), and 20% 
(InSb), when illuminated by ordinary lamps. A possible 
effect of crystallographic planes and directions upon 
the hardness of germanium crystals was also investi- 
gated. However, it has been found that the hardness 
number is independent of these variables within the 
limits of error of these measurements. 

It has been found that the hardness of a layer only 
a few microns deep is affected by light. Figures 2 and 
3 show the Knoop hardness numbers for dark and 
reflector-lamp illuminated germanium crystals plotted 
against the depth of penetration. The various depths 
were obtained by the application of different loads on 
the indenter. Figure 2 refers to an almost pure n-type 
germanium crystal containing 2.310" cm~* ionized 
donors (mostly antimony), and Fig. 3 to one con- 
taining about 3.0 10" cm~ such donors. These figures 
indicate that the effect is deeper in the purer crystal. 
The “dark hardness” curve passes through a pronounced 
maximum in intrinsic germanium, while in the less 
pure material (Fig. 3) this maximum is almost totally 
absent. Tests performed on a germanium crystal of 
intermediate concentration of impurities revealed a 
maximum less pronounced than in the very pure crystal 
and located closer to the surface. The very low hardness 
readings obtained for the few shallowest indentations, 
made with 1 and 2 gram loads, may be due to some 
vibrations present in the laboratory building. The 
observed photosoftening seems to be reversible, at 
least within the interval of time necessary for measuring 
hardness, about one minute. 

As should be expected, the effect is directly propor 
tional to the light intensity, because it falls off linearly 
with the square of the distance of the crystal from the 
light source. 


PLAS TAG! 


TY IN SEMICONDUCTORS 


3 


KNOOP HARONESS 


@ DARK 
ILLUMINATED 








+ - - - - s s 4 + a 
6 6 WwW 2 4 6 (8 20 22 24 
DEPTH INCM x 107% 


ric. 3. Knoop hardness as a function of the distance from the 
surface of a germanium crystal containing 3.0 10" cm § ionized 
impurities. @ dark hardness; © hardness under illumination of 
two 140-watt reflector spot lamps 


An attempt was made to establish a relationship 
between the wavelength of the incident radiation and 
the decrement of hardness. When the light of a 140- 
watt reflector lamp was passed through a quartz filter 
transparent to light of wavelengths between 4.0 and 
0.2 uw, a large softening effect (20-40%) was observed. 
When the quartz was replaced by a crown-glass filter, 
of transparence between 2.0 and 0.4 yw, the effect disap 
peared, indicating that the band of wavelengths in the 
infrared between 4.0 and 2.0 u is responsible for it. A 
water filter was also tried. For this purpose, a water 
droplet was deposited on a germanium crystal of 3.0 
< 10 cm= This 


crystal softened by about 45%, when a load of 5 grams 


concentration of ionized donors. 
and a source of unfiltered white light were used. Under 
the same conditions, but with the light passing through 
a water droplet on the surface, the magnitude of the 
effect was reduced to less than 10°; this is to be ex 
pected, because water is opaque to infrared radiation 
of the aforementioned wavelengths. However, when the 
reflector lamp was replaced by a mercury lamp, with 
the water droplet still on the surface of the sample, 
the germanium crystal softened by about 35%. This 
experiment indicates that, in addition to the band of 
effective wavelengths in the infrared, another one in the 
ultraviolet must exist. A few exploratory experiments 
made with Corning glass filters revealed softening of 
the germanium surface by radiation of wavelength 
shorter than 0.4yu. The illumination of germanium 
crystals with radiation from a 60-kv copper-target x-ray 
tube produced no detectible effect. 

In all these experiments great care was taken to 
eliminate the heating of the crystal surface during 
illumination. This was achieved by using thin films of 
mineral oil, acetone, or alcohol. All these liquids are 
transparent to the infrared radiation which causes the 
photomechanical effect and at the same time are 
efficient coolants, Even thick droplets of these liquids 
did not appreciably decrease the softening of germanium 
crystals by light. 
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Thus, there seems to be two energy ranges which cause 
softening of the surface layer of germanium crystals: 
one in the infrared with an energy range of 0.3-0.4 ev 
and another in the ultraviolet with energy higher 
than 3.0 ev. 

The study of p-type germanium crystals was much 
less extensive. Two of these, containing 10 and 10!° 
cm~™* concentration of ionized impurities, were tested. 
Their behavior was similar to that of n-type germanium 
crystals of the same purity. However, one p-type silicon 
crystal (purity unknown) exhibited much larger light 
softening (70%) than either m or p-type germanium 
[ Fig. 1 (b)]. A few experiments conducted on n-type 
InSb and InAs (purity unknown) revealed that the 
hardness of their surfaces is also sensitive to light, but 
to a much smaller degree than that of germanium or 
silicon [ Fig. 1 (c) ]. 

The effect seems to be sensitive to the surface prepara- 
tion, etchants, and the time and temperature of 
etching. However, not enough experiments were con- 
ducted to establish even a qualitative relationship 
between these variables. All germanium, InSb, and 
InAs samples in the experiment described above were 
etched with standard CP-4 solution, and the silicon 
crystals with a mixture of 75 HNO, and 25 HCl, by 
volume, 

It is impossible at the present time to offer a detailed 
theory of this effect. The mechanism of the change of 
hardness with light must definitely be related to the 
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energy states associated with dislocations. These, as 
has been pointed out at the beginning of this paper, 
are affected by the carrier distribution within the 
crystal. As the effect seems to be limited to a thin 
surface layer, which changes with impurity content 
(Figs. 2 and 3), it may be that this layer is identical 
with the space-charge layer‘ existing near the surface 
of semiconductors. Both infrared and ultraviolet light 
may alter the energy of dislocations in that layer and 
thus induce changes in its plastic properties, the former 
by changing carrier concentration within that layer 
and the latter by affecting surface electrons. However, 
on this basis, it is difficult to understand the similarity 
of the behavior of p- and n-type semiconductors. 
Another possible direction in which an explanation of 
this phenomenon should be sought would be to explore 
the effect of light on impurity atoms pinning down 
dislocations.® Such atoms could be ionized by light and 
become less effective in immobilizing dislocations. 
Again the effect of ultraviolet radiation would be 
difficult to fit into this scheme. It appears that more 
extensive experimental work is necessary before an 
adequate explanation can be advanced. 

The authors are indebted to Dr. C, Mullin, Professor 
of Physics, University of Notre Dame, for many helpful 
discussions and to the Minneapolis Honeywell Research 
Center, for a supply of germanium single crystals. 

‘J. Bardeen, Phys. Rev. 71, 717 (1947). 

5 Suggested by Dr. F. Seitz. 
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Magnetic Analysis of the Uranium-Oxygen System* 


Antuony Arrott,t Laboratory for Magnetics Research, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 


AND 


J. E. Goldman, Scientific Laboratory, Ford Motor Company, Dearborn, Michigan 
(Received July 10, 1957) 


Magnetic susceptibility measurements have been carried out on the uranium-oxygen system in the com- 
position range of UO, to UOz «7. The existence of an antiferromagnetic transition at compositions close to 
stoichiometric UO, which had been previously reported by the authors has been confirmed. The data make 
it possible to define clearly the phase limits of the UO, and U,Os structures and to determine unambiguously 
that the excess oxygen ions in the nonstoichiometric salts occupy interstitial positions in the lattice. 


I. INTRODUCTION 


LTHOUGH UO, and U,Qsy are stable stoichiom- 
etric chemical compounds, it is well known that 
as much as 75% oxygen may dissolve in uranium and 
in the process several] phases may form at various con- 
centrations of oxygen. While the crystal structures of 
the various phases appear to be known, it is not known 


* This work was a in part by the U. S. Atomic Energy 


Commission and the Westinghouse Atomic Power Division. 
t Present address, Scientific Laboratory, Ford Motor Company, 
Dearborn, Michigan, 


just how the oxygen goes into the lattice and precisely 
at what compositions the new phases appear. Since 
these points are of some importance in the technology 
of the oxides of uranium, it is desirable to ascertain 
whether oxygen goes into the system interstitially or 
by causing uranium ion vacancies in an expanded lattice. 

This investigation was undertaken with the intention 
of ascertaining by the techniques of magnetic analysis 
the following points: 


1. Does the oxygen go into the lattice interstitially 
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or does it cause uranium ion vacancies to be formed? 
It has been shown by the authors! that UO, undergoes a 
transition to an antiferromagnetic state at 28°K. This 
means that there is an exchange interaction between 
the uranium ions either directly or by means of a super- 
exchange mechanism through the oxygen atoms. As 
will be pointed out below, magnetic susceptibility data 
as a function of temperature can yield significant infor- 
mation on the neighborhood of the uranium atoms. 

2. As oxygen enters the lattice, the valence of some 
of the U** ions must change to either U*+ or U® in 
order to preserve electrical neutrality. It is not clear, 
however, from chemical considerations which of these 
two alternatives is the equilibrium form. The magnetic 
moment per uranium atom as a function of composition 
should give this information. 

3. What are the solubility limits of the various 
phases formed? A sharp indication of phase changes 
should be obtained from plots of susceptibility at 
constant temperature versus Composition. 

4. Is any UH; formed in the uranium oxide? This 
should be detectable magnetically since the UH, is 
ferromagnetic with a Curie point of approximately 
175°K. 

Measurements of the magnetic susceptibility of 
materials UO,, where x varies from 1.84 to 2.67, have 
been carried out by Dawson and Lister’ in the tempera- 
ture range between liquid O, and 570°K. However, it 
appeared reasonable to repeat the work, extending the 
measurements down to liquid helium temperatures, for 
the following reasons: (a) Dawson and Lister’s work 
was carried out on small samples of the order of 2 to 
10 mg. Their measurements were at but one field and 
hence no correction for ferromagnetic impurities was 
possible. Their data showed considerable scatter. Their 
analysis was carried out by fitting a straight line on a 
least-squares basis (without considering the possibility 
of real curvature) to a plot of inverse susceptibility 
versus temperature. The chemical analysis of their 
samples was by means of increase in weight during 
oxidation. Their samples are the same samples on which 
the most complete x-ray data are available; hence, if 
magnetic analysis shows their composition to be in 
error, the x-ray data need to be reconsidered. (b). The 
discovery of an anomaly in the specific heat of UO» at 
28°K by Jones, Gordon, and Long? led to the hypothesis 
that it is associated with a magnetic transition. This 
has been confirmed recently by the authors who have 
measured the magnetic susceptibility through the transi- 
tion point down to 2°K on a sample from the same batch 
as the one in which the anomaly was observed. The 
transition appears to be to an antiferromagnetic state. 
The effect on this transition of deviations from the 
stoichiometric compound UO, appeared worthy of 
investigation. 


1A. Arrott and J. E. Goldman, Phys. Rev. 99, 1641(A) (1955). 
2 J. Dawson and M. Lister, J. Chem. Soc. p. 2177 (1950). 
4 Jones, Gordon, and Long, J. Chem. Phys. 20, 695 (1950), 
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The most direct approach to determining whether the 
lattice defects under consideration are vacancies or 
interstitials is to compare the x-ray lattice parameters 
with measured densities. Though this has been at- 
tempted with the uranium-oxygen system, sufficiently 
accurate density measurements have not been obtained. 
The major difficulty is the porosity of the material 
leading to an apparent change in density with particle 
size. 


Il, SIGNIFICANCE OF SUSCEPTIBILITY VERSUS 
TEMPERATURE CURVES 


In an antiferromagnetic material, the susceptibility 
per gram, x, is related to the absolute temperature by 


the relation 


x=C/(T+6), (1) 


where C and @ are both constants and 
C= Ng87J (J+1)/3k, 


as in paramagnetic materials. Here V is the number of 
magnetic ions per gram, g is the gyromagnetic ratio, 8 
the Bohr magneton, J the total angular momentum, 
and k is Boltzmann’s constant. In the generalized 
Weiss-Néel molecular field treatment of antiferromag- 
netism, @ has the value [J (J+1)/3k |}-m,Z,A,, where 
Z, is the number of interacting magnetic neighbors of 
a given ion in a given sublattice, A, is the exchange 
interaction, and m; is a factor which depends on the 
number of sublattices into which the lattice is divided. 
In this treatment it is assumed that the lattice may be 
broken down into several sublattices and the effective 
field acting on the ions of any sublattice consists 
of a contribution from each of the other sublattices in 
addition to the applied field. 

A plot of 1/x versus T gives as its slope d(T) 
d(1/x)=C. If it is assumed to a first approximation 
that only the spin contributes to the angular momentum 
and that g is close to 2, the valence of the magnetic ion 
can be obtained quite readily from this slope. The value 
of 1/x at T7=0 as found from extrapolation from higher 
temperatures where Eq, (1) is valid is given by 


(-) 6 YaZ,A, 
x T = c 


Nee 
and is a measure of the average exchange interaction 
per pair of magnetic ions. 

When this expression is applied to the UO, system it 
will be shown below that (1) the variation with com 
position of C will be different for the case of U*t ions 
replacing U*t ions than for U**t ions replacing U** ions, 
but will not depend on whether a model of interstitial 
oxygens or of uranium vacancies is used; and (2) the 
variations of 6/C with composition will be roughly in- 
dependent of which valence states are assumed for the 
uranium ions but will be critically dependent on 
whether the oxygens go in interstitially or not. 
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In the expression for the susceptibility per gram, two 
quantities change on increasing the oxygen content. 
These are V, the number of magnetic ions per gram, 
and Z, the number of magnetic nearest neighbors. The 
number of magnetic ions per gram in the case of U®% 
replacing U** goes as V = No(3—x)/(238+16x), where 
Vo is Avogadro’s number and «x is the oxygen/uranium 
ratio. (The denominator varies by but 3% from UO, 
to UyOy.) The number of magnetic nearest neighbors 
varies as Z=Z,(3—x) for oxygen entering the lattice 
interstitually and as Z=Z,(3—x)(2/x) for uranium 
leaving the lattice and causing vacancies. The factor 
2/x gives the fraction of uranium sites vacant. As the 
factor Z/N appears in the ratio 6/C, the dependence 
of 6/C on composition should go as A, the average ex- 
change integral, for the case of interstitials, and as 2A /x 
for the case of vacancies. In the case of vacancies, A 
should be roughly independent of composition as the 
interaction between any pair of U* ions is through 
oxygen atoms and the oxygen lattice is undisturbed. 

For interstitials, however, the interactions between 
next-nearest neighbors is greatly increased. The only 
interstitial site in the CaF», lattice large enough to 
accommodate an oxygen ion is located at the (0,},0) 
lattice positions giving 180° U-—O—U bonds. This 
arrangement is most favorable for a strong super- 
exchange effect. Hence, as the O/U ratio is increased, 
the interaction parameter 6/C should be expected to 
increase if the interstitial model is correct and decrease 
if the vacancy model is correct. 

In the molecular-field treatment that leads to the 
above results, it is assumed that the interactions of one 
ion with its neighbors are proportional to the net 
moments of sublattices of the various neighbors. As 
long as only one type of magnetic ion is present, such an 
approximation does not seem unreasonable. The use of 
the effective-field formulation for an assembly of mixed 
moments appears to involve an extra degree of deviation 
from an exact treatment of the system. The most crude 
way of taking the interaction into account is to make 
the further assumption that the U** ions, if they are 
present in the lattice, are distributed at random and 
their presence merely decreases the effective 
sublattice. In 
results are unaltered except that 


that 


moment in each this case the above 


3kT 
Vagal a(Jat +N ngn’B J w(J e+) 
> 7 ZA, 
+ , 
\ Ag "B+ V agp’ 


where subscripts A and B refer to the different species 
of moments. Here all the above arguments about the 
variation of interaction parameter with composition 
hold so long as g,4’ is of the same order as gx’. The slope 
of the 1/y versus T curve, however, will vary with 
composition differently than for the combination of 
U* and U* ions. As a function of x, the constant C 
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becomes 


No (~ ) 
C= 
238+ 16x \3k 


X(g4?(5— 2x)Ja(Jat1)+gn7(2x—-4)Je(Ja+1) |. 


If we assume g4*=g,’ and free spins with no orbital 
contribution to the moments, then as J4=1 and Jg=} 
we have 


No & 


238+ 16x \3k 


\ieera(ta +1)3(14—5x) ], 


so that the slope as a function of composition for U* 
ions should go as 4(14—5x) which compares with 
(3+) for U% ions. 

The above relations for 1/x are linear in 7, and it is 
for such simple cases that the analysis of this variation 
of the parameters C and 6/C as a function of composition 
have been treated above. However, the curves observed 
in these experiments, as in many other experiments, are 
not linear. Curvatures can arise for many reasons, 
some of which we enumerate here: (a) A mixture of two 
phases, both with magnetic ions, would give 


. T+6,+02+0102/T 
x aCr+(1—a)Cr+[aC et (1+-0)C A/T 


where @ is the fraction of one phase. (b) Different 
moments on individual magnetic sublattices, such as 
would arise from preference of ions of one valence for a 
particular sublattice and those of another valence for 
another sublattice, would lead to a hyperbolic 1/x vs 
temperature relation with a transition to ferromag- 
netism at lower temperatures. (c) The linearity of the 
molecular field treatment arises from the use of averages 
for local interactions. The validity of this averaging is 
open to question in some cases. (d) The presence of 
temperature-independent contributions to the suscepti- 
bility would give 1/(x—xo0) = (7+4)/C. 


EXPERIMENTAL RESULTS 


The method of measurement is to place a cylindrical 
sample in a uniform field and then to restore the uni- 
formity of the field by passing a suitable current 
through a fine solenoid wound on the surface of the 
sample. The uniformity of the field is detected by 
moving the sample with its solenoid with respect to 
two fixed detector coils connected in series opposition. 
The sample moves from within one detector coil to 
within the other. The two detector coils are used to 
discriminate against field fluctuations. The apparatus 
is designed to permit motion of the sample in a hori- 
zontal direction at the bottom of a three-walled metal 
Dewar of the Henry and Dolecek design.’ Measure- 
ments are made in a Jiquid bath only at Jiquid-helium 
temperatures where vapor-pressure thermometry was 

‘A. Arrott and J. E. Goldman, Rev. Sci. Instr. 28, 99 (1957) 

*W. Henry and R. Dolecek, Rev. Sci. Instr. 21, 496 (1950). 
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TABLE I, Chemical composition (O/U atomic ratio) of the 
samples used in this investigation 


Sample Before compacting Chemical analysis 


JGL UO, 
MCW UO, 
NOH-20 
MO-11 
MO-13 
MO.-14 
MO-15 
MO-16 
MO-17 
Us0s 


no analysis 
2.00 
1.96 
2.10 
2.20 
2.30 
2.40 
2.50 
2.60 


no analysis 


2.03 
2.07 
2.10 
02.23 


used. At all other temperatures the atmosphere is 
helium gas and, though the temperature is not con- 
trolled, the drift is slow enough to permit reasonable 
equilibrium to be established within the sample during 
the measurement. The temperature of the sample is 
determined from the the fine copper 
solenoid wound on the surface of the sample. The 
resistance-temperature relation used is that of Dau- 
phinee and Preston-Thomas® corrected for the residual] 
resistivity as determined at 4.2°K for each coil used. 
Chemical analysis by means of oxygen take-up 
during preparation and by analysis for uranium after 
firing were carried out by the Westinghouse Atomic 
Power Division which supplied the samples. The 
analyses are shown in Table I. Preparation of good 
samples appears to be not without its difficulties. An 
indication of this is that the sample analyzed at UOs o7 
was the result of a deliberate attempt to produce an 
oxygen-deficient UO, specimen. As most of the analysis 
of the magnetic data presented here depends on knowl- 
edge of the compositions of the samples, the effective- 
ness of the analysis is greatly diminished when the 


resistance of 


compositions are in doubt as they are here. In addition, 


a number of these samples are not homogeneous. In 
particular, the UO». sample showed the presence of 
the UjO, structure by x-ray techniques which would 
be insensitive to less than 10% UjO phase. The probable 
lack of homogenity and the uncertainty in the chemical 
analysis make all but the most general conclusions 
open to question. 

At room temperatures and liquid nitrogen tempera 
tures measurements of magnetizations were made in 
fields of 3, 7, and 12 kilogauss; at liquid helium tempera- 
tures measurements were made in fields of 0.003, 0.3, 
3, 7, and 12 kilogauss; and at a number of intermediate 
temperatures magnetizations were determined in fields 
of 7 kilogauss. The magnetic isotherms at liquid helium 
temperatures all showed small hysteresis. This hysteresis 
is presumably associated with antiferromagnetism,’ 
except in the case of U,sOs where the effect was very 
small and could be due to ferromagnetic impurity. 
The data at liquid-nitrogen and room temperatures, 
when plotted as M vs H, could be fitted with a straight 


*T. Dauphinee and H. Preston-Thomas, Rev. Sci. Instr. 25, 


884 (1948). 
7Y. Y. Li, Phys. Rev. 101, 1450 (1956). 
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line through the three points, but the straight line does 
not go through the origin. Originally this was inter 
preted as due to small amounts of ferromagnetic im 
purities, but it was later found that the fluxmeter used 
was in error in a nonlinear manner. These corrections 
for the fluxmeter errors are somewhat in doubt, though 
it appears to be sufficient to limit the ferromagneti 
impurity effects to within experimental error, The un- 
certainty in the fields may be as large as 2%. The 
susceptibilities may be in error as much as 3%. The 
inverse susceptibilities are plotted versus temperature 
in Figs. 1-3. These values are corrected for the diamag- 
netism of the U core and O atom as this effect becomes 
as large as 10% in the case of UO, at room temperature, 

The susceptibilities at some definite temperatures 
have been determined by extrapolation using the in 
verse susceptibility versus temperature curves. Curves 
of susceptibility (uncorrected for diamagnetism) at 
constant temperature versus Composition are shown in 
Fig. 4. 

DISCUSSION OF RESULTS 

The analysis given in the first part of this paper 
shows that two questions may be resolved from a study 
of inverse susceptibility versus temperature for the 
range of composition from x=2 to x=2.67. First 
determining whether or not the interaction parameter, 
6/C, increases or decreases with increasing oxygen 
content should distinguish between the presence of 
uranium vacancies or oxygen interstitials. This ques 
tion, we believe, is rather well decided in favor of the 
interstitial model as will be shown below. Secondly, the 
change in the slope of the curves with composition 
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ions 


should distinguish between a model where U* 
replace U** ions and a model where U* ions replace 


U** ions. This question is not at all well resolved on 
the basis of the data obtained. The curvature of the 
1/x versus T plots leaves the average spin state of the 
uranium atoms in great doubt. This curvature most 
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Fic. 3. Inverse susceptibility versus temperature 


of UO,; 2.4<%*<2.67. 
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likely arises from gross inhomogeneity (not just a 
range of compositions, but actually mixture of phases) 
but may also be an intrinsic magnetic property of the 
system. Any attempt to explain the curvature from the 
inclusion of a term independent of temperature in the 
susceptibility leads to values of the average spin 
state a factor of 3 lower than that to be expected on any 
mode]. The possibility of nearly overlapping 5d and 4f 
states which would add a statistical term to the tem- 
perature dependence, cannot be ruled out. 

Though the data do not fit well to a Curie-Weiss law, 
an interpretation of the data in terms of the param- 
eters C and 6/C is possible if they are evaluated at 
fixed temperatures. This has been done arbitrarily by 
considering straight-line fits to the data between 50°K 
and 100°K, 200°K, and 200°K and 300°K. The values 
of C and 6/C obtained in this way are shown in Figs. 
5 and 6. 

The general increase of 6/C with increasing oxygen 
content is interpreted as an increase in the average 
exchange between pairs of uranium atoms through 
intervening oxygen atoms. Thus, this is taken as strong 
evidence for the entrance of oxygen into the UO, 
lattice in interstitial positions. 

The behavior of the constant C as a function of com- 
position does not permit a decision in favor of either 
the model in which U® replace U*t ions or that in 
which U** ions replace U** ions. The fact that the model 
in which U** ions are present predicts curvature in the 
inverse susceptibility versus temperature plots and that 
such curvature occurs experimentally might lend 
support to that model. It must be noted that this model 
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Fic. 4. Susceptibility versus composition at various temperatures 
for the uranium-oxygen system. 
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does not lead to curvature in the higher oxygen range 
where only U*+ and U* ions would be present. Yet 


curvature exists for these compositions. 

The deviations of the values of C from the spin-only 
ralues for composition near UO» indicate incomplete 
quenching of the orbital angular momentum. The 
values of C approach the spin-only values with increas- 
ing oxygen content at the same composition at which 
the cooperative phenomena disappear. This dependence 
on composition is consistent with the interstitial model 
for the oxygen atoms since in such a case the symmetry 
of the crystal field which the uranium ions see is altered. 

A plot of susceptibility at constant temperature 
versus composition has long been recognized as a useful 
tool for phase analysis. In a single-phase region the 
variation of susceptibility at constant temperature with 
composition is in general unpredictable and almost 
never linear, particularly when contributions to the 
susceptibility of a Curie-Weiss type are present. The 
variation of C and @ may tend to be linear in composi- 
tion but this could lead to nonlinear variations in x. 
In a two-phase region the susceptibility must vary 
linearly with composition if the composition of the two 
phases remain fixed and only their relative abundance 
changes. If the susceptibility of a sufficient number of 
compositions are known, sharp indications of phase 
changes will be apparent from the magnetic analysis. 
If, however, the number of compositions are too 
limited, some reliance on x-ray data, for instance, is 
helpful. When this work was started, it was presumably 
well established that low-temperature oxidation of UO, 
retains the calcium fluoride structure over a range of 
composition extending toward UOz.;, that there is a 
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two-phase region around UO»: 4, and that the ortho- 
rhombic U,O, structure extends down toward UO, 5. The 
curves drawn between the points of Fig. 4 have been 
influenced somewhat by the above preconceptions, The 
resulting interpretation of the diagram is that the two- 
phase region extends from UOs.s:540.015 to UOe 4340.01. 
The uncertainty in the phase limits is just the un 
certainty in the chemical composition. The strange 
behavior in the UOz» to UO», region is attributed to 
magnetic anomalies associated with the antiferromag 
netic nature of UO,. Recently it has been suggested* 
that oxidation of UO, proceeds by means of the forma- 
tion of UsO;. The magnetic data presented here do 
not rule out this possibility if the data are interpreted 
in terms of a two-phase region lying between UO, , 
and UQOd.43. 

The magnetic anomalies to be associated with the 
antiferromagnetism of UO, appear to extend up to com- 
position UQOs» 97. In addition, all the samples except the 
two with the highest oxygen content showed some form 
of magnetic anomaly below 20°K. The anomalies were 
in the form of strong deviation of the points at 4°K 
from an extrapolation of the data from above 20°K, 
accompanied by a slight decrease in susceptibility 
between 4°K and 2°K and the appearance of slight 
hysteresis. If this is the result of inhomogeneity of the 
samples, it is an indication of the difficulty in preparing 
homogeneous samples as it would mean that a sample 
with a gross analysis of UOz.5; still can contain some of 
the UO, phase. 


* Gulbransen and Weissbart, Westinghouse Research Labora- 
tories (private communications) 
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he resistivity change induced by electron irradiation of zone-refined copper maintained at ~10°K has 
heen measured over the range of bombarding electron energies from 0.70 to 1.37 Mev. The cross section for 
damage production is shown to be insensitive to the choice of the shape of the displacement probability 
function for this energy range. An ‘‘average”’ threshold energy for displacement of 2243 ev is deduced, 


from which the resistivity of Frenkel pairs, pj =1.45+0.5 wohm cm/atomic 


Y, is obtained. Isochronal and 


isothermal annealing studies of irradiations performed at 1.37 Mev are described. The maximum annealing 
rate, as obtained from an isochronal anneal, occurs at ~40°K; ~90% of the irradiation-induced resistivity 
annealing out in the range 20°K-65°K. The isothermal annealing curves are not amenable to analysis in 
terms of a single simple rate process, but seem to require a multiplicity of processes 


INTRODUCTION 
A GREAT deal of excellent work has gone into ex- 


periments designed to elucidate the nature of the 
radiation-damage process in metals, but a generally 
accepted model has not yet been obtained.' The issue 
has been partially obscured by the fact that the early 
experiments were performed at specimen temperatures 
where the damage products could undergo change 
during bombardment. For this reason, the more recent 
experiments have been carried out at low temperatures ; 
namely deuteron irradiations near 10°K,? and neutron 
irradiations below 22°K.! 

Deuteron and neutron irradiations are inherently 
difficult to treat theoretically, since heavy particles 
are capable of imparting a large amount of energy to 
the lattice in a single collision, thereby possibly pro 
ducing a multiplicity of defects. Irradiation, in which 
the energy given to a lattice atom is sufficient to displace 
only it alone, can be performed using electrons of about 
1-Mev energy. The properties of damage products 
produced with electron irradiation should be more 
readily comparable with theory than those produced 
with heavy-particle irradiations. Such electron irradia- 
tions have been performed on copper at ~80°K 
by Eggen and Laubenstein‘ and by Meechan and 
Brinkman.° 

The present paper describes the measurements of 
the electrical resistivity change in copper induced by 
electron irradiation performed at ~10°K.® The resis 


* Present address: Aeronutronic Systems, Inc., Glendale, 
California 

' For recent reviews of the field, see F’. Seitz and J. S. Koehler, 
in Solid State Physics (Academic Press, Inc., New York, 1955), 
Vol. 2, p. 305; H. Brooks, in Annual Reviews of Nuclear Science 
(Annual Reviews, Inc., Stanford, 1956), Vol. 6, p. 215 

* Cooper, Koehler, and Marx, Phys. Rev. 97, 599 (1955); R.O 
Simmons and R. W. Balluffi, Bull. Am. Phys. Soc. Ser. IT, 2, 151 
(1957) 

'T. H, Blewitt ef al., Bull 
2, 151 (1957) 

‘D. T. Eggen and M, J. Laubenstein, Phys. Rev. 91, 238 (1953) 

*C, J. Meechan and J. A. Brinkman, Phys. Rev. 103, 1193 
(1956). 

*A preliminary account of this work was reported by the 


authors in Phys. Rev. 104, 851 (1956) 


Am. Phys. Soc. Ser. IT, 1, 130 (1956) ; 


tivity change is investigated as a function of the 
electron flux, the energy of the bombarding electrons, 
and the specimen temperature. Recovery through 
annealing was studied using both isothermal and iso- 
chronal pulse anneals. 


EXPERIMENTAL APPARATUS 


A cryostat was designed to permit electron irradiation 
of the specimens below 10°K, and subsequent in situ 
annealing at any temperature between 4°K and 400°K. 
The design permitted the measurement of two defect- 
sensitive properties: electrical resistivity, employed in 
the experiments reported here; and lattice parameter, 
to be employed in future experiments. Figure 1 is a 
schematic drawing of the cryostat. The specimen is 
located in a “pillbox” in the horizontal arm at the 
left, allowing passage of the vertical beam of the 
electron accelerator. A reservoir in the cryostat proper 
contains liquid helium from which helium can_ be 
pumped through the pillbox following the technique 
employed by Swenson.’ For temperatures higher than 
4.2°K, control was provided by adjustment of the 
helium pumping rate and simultaneous adjustment of 
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Fic, 1. Schematic drawing of electron-damage cryostat. 


7C, A, Swenson, Rev. Sci. Instr. 25, 608 (1954). 
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the power supplied to a heater cemented to the pillbox 
exterior. This temperature control system keeps the 
sample cold during irradiation and permits subsequent 
pulse-annealing studies on the accumulated damage 
products. The specimen temperature can be raised 
from 4°K to ~ 60°K in one minute, the last five degrees 
taking ~ 20 seconds. Cooling the specimen from 60°K 
to ~4°K takes ~45 sec, the first five degrees taking 
less than two seconds. 

A view of the pillbox as seen from above is shown 
in Fig. 2. The specimen is completely immersed in the 
refrigerant bath, in order to keep the specimen tempera 
ture below 10°K during irradiation for beam current 
densities as high as 10 wa cm~. The pillbox is made of 
a pair of beryllium-copper plates machined to provide 
internal space for the specimen, and is sealed with an 
annealed aluminum gasket. A beryllium window 0.008 
in. thick and 4 in. in diameter was silver-soldered into 
each plate. Beryllium was chosen to minimize energy 
loss in the electron beam passing through the assembly. 
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Fic, 2. Detail drawing of sample pillbox as seen from above 


With this design, only about 10% of the beam power is 
absorbed at helium temperatures, with consequent 
reduction in the requirement for liquid helium. Two 


specimens, one active and one control, were mounted 
in the pillbox. A 0.020-in. thick platinum shield with 
a half-moon shaped opening protected the control 
specimen from irradiation, and allowed the beam to 
pass through the active specimen. 

The specimen was made in the form of a thin foil, in 


order to achieve homogeneous defect production 
throughout its thickness. American Smelting and 
Refining Company copper of 99.999% stated purity 
was zone-refined, rolled to 0.0032 cm thickness, and 
annealed for 4 hour at 450°C, producing a material 
with 1.5X10~* ohm cm resistivity at 4.2°K. The foil 
thickness represents about 4% of the electron range at 
1.4 Mev, yet is sufficiently large that surface scattering 
of the conduction electrons does not overwhelm the 
defect scattering contribution to the electrical resistance 
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Fic. 3. Detail drawing of specimen. The upper drawing shows 
the sample before the active and control specimens have been 
separated. The lower drawing shows the specimen mounted in its 
Bakelite and wire holder. In this drawing the sample ends have 
been clipped and the active and control specimens separated 


of the specimen at 4.2°K. The annealed foil was care 
fully cemented with beeswax to a copper plate for 
protection in handling, and was photoengraved by a 
commercial process*® to produce the pattern shown in 
Fig. 3. This pattern is a 20-fold photoreduction of an 
accurately drawn master, leading to specimens which 
have desired dimensions within + 0.002 cm. The pattern 
of lengthwise slits maximizes the resistance length 
in the irradiated area. Both specimens, the one that is 
irradiated and the control, are formed in one piece. 

The prepared specimen pair was mounted at the 
ends on Bakelite bars, and held in slight tension by 
spring steel wires joining the bars. The specimen ends 
then were clipped, as shown in Fig. 3, separating the two 
specimens, and the assembly was placed in the pillbox 
and two current and three potential leads were attached, 

Thermometry was provided by calibrated carbon 
resistance thermometers placed in the fluid streams 
entering and leaving the pillbox; by an Au—Co vs 
Ag—Au thermocouple in the exit stream adjacent to 
the specimen; by a copper-constantan thermocouple 
mounted on the exterior of the pillbox; and finally by 
the temperature-dependent resistance of the copper 
specimen itself, which fitted a Griineisen function within 
experimental accuracy. The internal consistency of the 
thermometers was such that the specimen temperature 
could be determined to within 0.5°K over the range 4°K 
to 400°K, and could be reset to the same temperature 
to within 0.1°K. 

The voltage drop, at constant current, across one 
of the resistor-thermometers in the gas stream was 
monitored on a chart potentiometer for continuous dis 
playing and recording of the pillbox temperature. All 
of the electrical leads from the pillbox passed up the 
pumping line and out of the cryostat through a wax 
seal at room temperature. 

The temperature of the itself 
bombardment could be estimated in a variety of ways, 


specimen during 


* We are indebted to J. M. Lafferty of this Laboratory for dis 
cussions of this technique, and H. F. Hart of the Maqua Company 
for photoengraving our specimens 
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none of very high accuracy but all agreeing on an upper 
limit below 13°K, with probable values below 10°K. 
For arun at 1.37 Mev, and a current density of 1 wa/cm? 
with a helium flow of 0.4 cubic ft/min (STP), the 
pillbox inlet resistor would indicate 4.2°K, the outlet 
resistor 12°K, and the Au—Co vs Ag—Au thermo- 
couple 13°K. The very small temperature-dependent 
resistance of the specimen indicated peak temperatures 
between 4°K and 12°K, the uncertainty arising from 
lack of precision in the beam-on measurements of the 
resistance. Simple heat-transfer calculations indicate 
that the maximum power of 0.05 watt cm~* absorbed 
from the beam by the specimen should not raise its 
temperature above 7°K. The higher temperatures 
indicated by the down-stream thermometers may be 
attributed to general pillbox heating arising from 
inadequate electron-beam collimation and from beam 
absorption in the windows. 

Specimen resistance was measured potentiometrically 
using a Rubicon 6-Dial Thermofree Potentiometer and 
current-emf switching arrangement to correct for 
thermal emf’s. The current through the specimen during 
measurement was 0.3 ampere, and was regulated by a 
servomechanism to 1 part in 10°, The precision of a 
typical series of resistance measurements was +6 X 10~* 
ohm corresponding to a resistivity uncertainty of 
+1 10~-" ohm cm. 

The source of high-energy electrons was a commercial- 
model General Electric resonant transformer. This 
accelerator, which normally produces a half sine wave 
of voltage, was equipped in this experiment with a 
gating circuit that selected a voltage pulse about 34° 
wide overlapping the peak value of voltage. The peak 
internal machine voltage was deduced from the resonant- 
circuit charging current, which was continually moni- 
tored during operation. This voltage should be linearly 
proportional to the charging current. To establish the 
linearity, the ratio of peak voltage to charging current 
was determined at high energies by the Be(y,n) 
(1.655 Mev) reaction and at 100 kev by a spark-gap 
measurement. The ratios so determined were the same 
within 2%. -« 

Accurate determination of the beam current and 
voltage is complicated by the effects of multiple scatter- 
ing and energy straggling introduced by the various 
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windows between the internal accelerator beam and the 
sample. The beam passes first through a 0.0027-in. 
stainless steel window on the accelerator snout, then 
through 5 cm of air, and enters the cryostat through 
another 0.0005-in. stainless steel window. Once inside 
the cryostat, the beam passes through a collimator 
which consists of an aluminum tube with two platinum 
aperture disks, and thence to the sample pillbox. The 
collimator is necessary to reduce the spray of high- 
energy electrons striking the pillbox which would cause 
an inordinate amount of liquid helium loss. 

The primary calibration of current was not made in 
the actual cryostat arrangement but rather in a replica 
of the cryostat window and collimator geometry, before 
and after irradiation runs. This was done in order to 
use the greater absolute accuracy inherent in a Faraday- 
cage determination. An aluminum plate mounted below 
the pillbox was used with an integrating circuit to 
monitor the beam current during a run. Measurements 
of the current collected by this plate in the cryostat 
and in the replica were made to ensure the equivalent 
geometries of the two arrangements. 

The simplest quantity to relate to an observed resis- 
tivity change is not the total beam current but rather 
the current density incident upon the sample. The 
Faraday cage shown schematically in Fig. 4 was used 
to measure the current density over the dimensions 
of the sample. The cage was designed so that virtually 
all the electrons that passed through a small test 
aperture were collected by the cup A. The test aperture 
consisted of a 0.020-in.-thick piece of platinum with a 
j-in. hole in the center. Platinum was chosen to mini- 
mize the number of electrons scattered into the hole 
from the sides. Preliminary measurements with several 
aperture sizes in conjunction with beam-distribution 
measurements showed that the geometrically measured 
area of the }-in. hole was a valid measure of the effective 
aperture for the electron beam. The grid was inserted 
to eliminate low-energy secondary electrons from the 
entrance foil, but voltages up to — 2000 v showed only 
a small (<2%) effect on the measured cage current. 

The Faraday cage was mounted on a carriage that 
could be moved precisely in two mutually perpendicular 
directions, and the variation in current density was 
measured over the dimensions of the sample. There is a 
variation of about 10% in current density over the 
irradiated specimen width. At low beam energies the 
collection efficiency of the current collector is lowered 
due to increased multiple scattering in the entrance 
foil and a series of independent measurements was 
made with several collection-plate configurations to 
get reliable values for the current. Corrections for 
secondary emission were made by using the data of 
Miller and Porter.’ All current measurements were 
made with and without a lead cover over the cage to 
eliminate the effects of x-rays and stray pickup. Al 


* B. L. Miller and W. C. Porter, J. Franklin Inst. 260, 31 (1955). 
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though the above measurements are precise to +2%, 
the uncertainty in the exact position (+yg in.) of the 
sample pillbox during irradiation introduces a +10% 
uncertainty in the absolute current density. 

In order to determine whether the collimator in- 
troduced a significant number of low-energy secondaries 
into the electron beam, measurements were made of the 
change in current density produced by various thick- 
nesses of aluminum placed above the test aperture. The 
percentage decrease in current density for a given 
aluminum thickness was the same within 2%, both 
with and without the collimator, at all energies used 
in the experiment, showing that the collimator did not 
introduce an undesirable low-energy background. 

An independent estimate of the product of voltage 
and current was obtained by measuring the heating 
effect of the beam. An aluminum disk thick enough to 
stop all the electrons was mounted in the Faraday cage 
directly under the entrance foil. The temperature rise 
in the disk was measured for 1-minute irradiations and 
the beam power was deduced from the known heat 
capacity of the disk. This heat capacity was directly 
determined by measuring the temperature rise in the 
disk resulting from a measured energy input to a small 
resistance heater glued to the disk. The heat capacity 
so determined agreed within 2% with the value calcu- 
lated from the specific heat and the measured weight 
of the disk and resistor assembly. 

In order to convert the directly measured resistance 
change of the foil to the desired change in bulk resis- 
tivity it is necessary to take into account both the 
fact that only part of the foil is irradiated and that 
part of the resistance change is due to a change in 
boundary scattering. Consider first the question of 
partial irradiation of the sample. Given a foil of length 
L and A, let the length L, be 
irradiated and the length L,=L—L, remain unirra 
diated. If the resistivity of the irradiated portion is 
p, and that of the unirradiated is p,’, then the measured 
resistances R, and R, before and after irradiation, re 
spectively, will be 


R, eg 3 A. 
Ro=pu'L./At+p,'L;/A. (1) 


cross-sectional area 


The area A can be eliminated by using the expression 
for the room-temperature resistance R,»,: 


Rim=PrmL/A. (2) 


Combining (1) and (2) and solving for the resistivity 
of the irradiated portion p,’ gives 


pi Prm(LRa LR») LEves (3) 


Of the quantities on the right hand side of this 
equation, R,, R,, and R,, are directly measured, The 
room temperature resistivity p,m was calculated using 
the value 1.55 wohm cm at 0°C and a temperature 
coefficient of 3.93 10-*/deg C for the resistivity of 
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copper. The irradiated length L, is known from the 
geometry of the sample and the beam collimator, and 
the unirradiated length L, is known from the relation- 
ship Lu= L—L,. The actual sample has a complicated 
shape and it is necessary to redefine L as an effective 
foil length. In principle L can be deduced from the 
geometry of the foil; but it was simpler to determine 
the ratio of effective length to geometric length by 
making resistance measurements on a large replica of 
accurately known dimensions and resistivity. 

If there were no surface contribution to the resistance 
of the foil, or if the surface contribution were inde 
pendent of irradiation, the increase in bulk resistivity 
produced by irradiation would be simply 


Api’ = pi’ — pu! = prml. (Ra— Ro) / LiRrm. (4) 


Unfortunately, however, the surface contribution to 
p; and p,’ is large (~ 30%) and changes with irradia 
tion. For this reason p,’ and p,’ need to be corrected 
separately before they are subtracted. The corrected 
values of bulk resistivity will be represented by p, and 
p, for the irradiated and unirradiated materials re 
spectively, and their difference by Ap,, 


Ap, Pim Pu. (5) 


The corrections were taken directly from Sondheimer’s 
theory" assuming diffuse surface scattering. They 
amounted to a decrease of approximately 30% in con 
verting p,;’ and p,’ to p,; and p,, and to an increase of 
about 2% in Ap, relative to the more approximate Ap,’. 
This correction, which is only approximate, would have 
been much greater had the foil been thinner 


EXPERIMENTAL RESULTS 


The bulk resistivity changes Ap, produced by electron 
irradiation, during different runs at an average beam 
energy of 1.37 Mev, are given in the next to last column 
of Table I. In each of these runs the graph of Ap, vs 
electron dose was accurately linear. The values of Ap, 
for the standard dose of one electron/cm? will be de 


noted by Ap,, in units of ohm-cm/(elec./cm*). The 


PaBLe I. Increase Ap, of bulk electrical resistivity produced by 
electron bombardment at an energy of 1.37 Mey 


Resistivity 

Resiativity increase pet 

Total increase elec. /em?* 
electron 4 Ape 

dose (10'¢ (10° 10-7? ohm cm 

elec. /om?* ohm om elec,/em?) | 


r CE 
outlet 


pi 
Current 
(pa/om?* 


0.52 
0.52 
0.52 
0.81 
O81 


&.05 
4.14 
8.12 
4.09 
& 43 


56 2.06 

20 1.79 

17 0.95 

6 1.10 

6 first half 49 6.99 
13 second half 

Weighted average = 8.25 


“KE. H. Sondheimer, in Advances in Physics (Taylor and 


Francis, Ltd., London, 1952), Vol. 1, p. 1 
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Fic. 5. Beam-on change in resistivity versus electron dose 


Average beam energy = 1.37 Mev. Although measurements were 
normally made with the beam off, these measurements were made 
with the accelerator beam striking the sample. The arrows mark 
points where the irradiation was interrupted for 15 minutes 


weighted mean of five runs gives Ap,= 8.25 10°"? ohm 
cm/(elec./cm*). Variations from run to run represent 
the errors in resetting the apparatus and are not indi 
cative of the relatively higher precision of separate 
points in a given run, as can be seen in the results of 
the longest run to date, which are presented in ‘Table II 
All resistance measurements leading to the data in 
Tables I and IL were made with the beam off and the 
sample at 4.2°K. 

One run was made during which resistance measure 
ments were made with the beam on, to see if any rapid 
loss of resistance through annealing was taking place 
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Fic. 6. Calculated distribution of beam electron energies after 
the beam has passed through the various window foils and 
penetrated half way into the sample. This distribution was 
calculated from the Landau theory of energy straggling and from 
the known energy distribution of the internal accelerator beam. 
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in the short time it took to make the beam-off measure- 
ments. The results of this run are presented in Fig. 5. 
The large scatter of the points here was due to increased 
circuit noise associated with the beam and accelerator 
operation. The arrows mark points at which the irradia- 
tion was interrupted for 15 minutes, showing that 
resistivity changes did not occur during these 15-minute 
annealing periods. Furthermore, the resistivity incre- 
ments measured with the beam on agree with those 
obtained with the beam off. 

After this initial series of runs at an average energy 
of 1.37 Mev we undertook to measure Ap, at lower 
bombarding-electron energies. It was necessary to 
recalibrate the sample current density at each new 
energy, because of the influence of multiple scattering 
in the various window foils above the sample. 

The electron beam striking the sample is not mono- 
energetic because the window foils above the sample 
introduce a considerable amount of energy straggling 
into the beam. It is difficult, therefore, to specify the 
precise beam energy at the sample, and both a theo- 
retical and an experimental approach have been used 


TABLE II. Bulk resistivity change as a function 
of electron flux (run 5 of Table I) 


Resistivity change 
per unit time 
(10° ohm cm/min) 


2.52 
2.92 
2.53 
2.52 


Resistivity change 
(10~ ohm cm 


Elapsed irradiation 
time (min) 


71 1.79 
116 2.92 
208.7 5.27 
277.6" 6.99 


* Integrated flux of 8.39 *10'* electrons/cm? 


to solve this beam-energy problem. In the theoretical 
approach, the theory due to Landau" was used to 
calculate the distribution of electron energies emerging 
from the foils. Although Hildebrand’s” high-resolution 
experiments on the energy distribution of electrons 
emerging from an aluminum foil bombarded with 624- 
kev electrons gives somewhat better agreement with the 
Blunck and Leisegang'® modification of the Landau 
theory, the unmodified Landau theory was used for 
simplicity in calculation. The calculation included, in 
addition, first-order corrections for the change in 
energy in passing through the foil system. Increase in 
effective foil thickness caused by multiple scattering 
was taken into account by using the procedure of 
Yang." In order to calculate the Landau distribution 
it is necessary to know the most probable energy loss. 
Chen and Warshaw'® have measured the most probable 
energy loss for a variety of materials for electron 
energies overlapping those used in this experiment. 

"LL. Landau, J. Phys. (U.S.S.R.) 8, 201 (1944). 

2B. Hildebrand, Phys. Rev. 90, 378 (1953). 

'8Q. Blunck and S. Leisegang, Z. Physik 128, 500 (1950). 


“CN. Yang, Phys. Rev. 84, 599 (1951) 
16 J. J. L. Chen and S. D. Warshaw, Phys. Rev. 84, 355 (1951). 
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Their formula for the most probable energy loss and 
their values for the average ionization potential are in 
fair agreement with measurements of Paul and Reich'® 
of most probable energy loss for 2.8-Mev and 4.7-Mev 
electrons, and were employed by us in our calculations. 

The final distribution of electron energies also includes 
the fact that the internal beam itself possesses the 
distribution of energies characteristic of a chopped 
sine wave. The results of a typical calculation giving 
the distribution of electron energies for a peak internal 
energy in the machine of 1.6 Mev, are shown in Fig. 6. 
From each such distribution function an average energy 
EB was calculated, and the variation of F as a function 
of peak internal energy so calculated is given in Fig. 7. 
Also included for comparison is the time average of the 
internal-beam energy distribution minus the average 
energy loss in traversing the foils calculated from the 
conventional formula.!? The method of calculating F 
outlined above weights all electrons equally and does 
not take into account the fact that high-energy elec- 
trons produce more damage than low-energy electrons. 


The curve of Ap, versus HE was used as a weighting 


TABLE III. Values of change of resistivity Ap, due an irradiation 
of one elec./cm*, at different bombarding energies. 


Resistivity change Ap. 
{10°27 ohm cm 
em?*)] 


Mean energy of the 
displacement-producing 
electrons 2’ (in Mev) 


Peak internal machine 
voltage 
(in Mev) 


‘37 
1.36 
1.23 
0.99 
0.86 


(elec 
8.25 
7.17 
6.40 
4.37 
2.74 


function which was reapplied to the calculated distribu 
tion functions and new values of the average energy Fk’ 
of the damage-producing electrons were calculated. 
The curve of Ap, versus E’ is shifted only slightly from 
the Ap, versus EF curve. The final Ap, versus E’ values are 
given in Table III. The errors include the impre- 
cision in resistivity, beam-current, and peak-voltage 
measurements. 

The experimental approach to the problem of speci- 
fying the beam energy at the sample was made by 
determining the heating effect of the beam for a meas- 
ured beam current after the beam had passed through 
the same number of foils that were mounted above 
the sample. The beam heating experiments were not 
very precise at low energies but agreed within 10% 
with the calculated values of 2. In subsequent portions 
of this paper where certain conclusions are drawn from 
the curve of Ap, versus EF’, the values of F determined 
directly by the beam heating measurements were in- 
cluded in evaluating the limits placed on various 
quantities. 


16 W. Paul and H. Reich, Z. Physik 127, 429 (1950) 
17 See Seitz and Koehler, reference 1, p. 349. 
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Fic. 7. Calculated average bombarding electron energy in the 
sample versus peak internal machine voltage, The upper curve was 
obtained by calculating the average energy from several theo 
retical energy-distribution functions such as shown in Fig. 6 
The ordinate for the lower curve is the average energy of the 
internal accelerator beam minus the average ionization energy 
loss calculated from the conventional formula 


Annealing experiments were performed using both 
isochronal and isothermal annealing schedules. The 
isochronal experiment consisted in pulse-heating the 
specimen and holding it for ten-minute periods at 


successively higher temperatures—each ten-minute 
anneal being followed by a resistivity measurement at 
4.2°K. The results of this run are shown in Fig. &, 
where the remaining radiation-induced resistivity Ap, 
is plotted as a function of annealing temperature, 
Essentially no damage anneals out below about 22°K, 
although about 90% anneals out by 65°K. ‘The peak 
annealing rate occurs at about 40°K. 

The isothermal schedule consisted in pulse heating 
the specimen to a fixed temperature for a series of 
arbitrary time intervals, alternated with resistivity 
measurements at 4.2°K. The results of the isothermal 
run are shown in Fig. 9. Here four isothermal anneals 
of a single specimen with a single initial radiation dose 
were made in sequence at successively higher tempera 
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Fic, 8. Isochronal annealing. The experimental points were 
obtained by pulse heating the specimen and holding it for ten 
minute periods at successively higher temperatures—each ten 
minute annealing being followed by a resistivity measurement 


at 4.2°K 
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Fic. 9. Isothermal annealing. The experimental points were 
obtained by pulse heating the specimen to a fixed temperature for 
a series of arbitrary time intervals, alternated with resistivity 
measurements at 4.2°K. The four different isothermal curves 
shown here were made sequentially on a single specimen with a 
single, initial irradiation 


tures, and hence the shape of each curve except that 
at 34.1°K depends upon the prior annealing at lower 
temperatures. 

Several of our observations support the view that 
no significant annealing occurred during irradiation. 
The data of Table I show that within the experimental 
uncertainty the same value of resistivity increase per 
unit electron flux is obtained for quite different sample 
temperatures and current densities. Table Il shows 
that the resistivity increase is linear in the electron 
flux, suggesting that neither thermal nor radiation- 
induced recovery is occurring. The annealing experi- 
ments show that no recovery occurs below about 22°K, 
a temperature that is well above the normal specimen 
temperature during irradiation. Of course, it is not 
possible to rule out some extremely rapid annealing 
process, the fact that beam-off 
measurements agree, and that Fig. 5 shows that the 


but beam-on and 


beam-on measurements before and after a 15-minute 
beam-off period fall on the same line, show that such 
annealing would have to occur in a very short time. 


DISCUSSION 
Damage Production Studies 


The differential cross section for electron-nucleus 
scattering, expressed in terms of the kinetic energy T 
transferred to the struck nucleus, is given by'® 


Zé \? 
da=anl (1 #)( ) 
mee 


T r\' 1) WT 
sam (2) EY 
T T./ TIT? 


™m 


(6) 


x| 1-0 


1* See Seitz and Koehler, reference 1, p. 329. 
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where 7',,= maximum kinetic energy that can be trans- 
ferred to the struck nucleus and is given by 


1 
~(E+2m.*)E, 
mx 


he (7) 


E being the incident electron energy. The other symbols 
have their conventional meanings. 

This expression can be converted to an atomic dis- 
placement differential cross section dog simply by 
multiplying it by P.4(7T), the probability that the 
transfer of kinetic energy 7 to a nucleus will perma- 
nently displace it : 


daog= P4(T )do. (8) 


The total cross section for displacement, oa, is then 
obtained by integration of Eq. (8) from T=0 to T=T 

It has been conventionally assumed that the dis- 
placement probability is a step function: P4(7)=0 for 
T<Ty , and Pa(T)=1 for T> 74. The critical threshold 
energy 74 for copper has generally been assumed to 
equal 25 ev as indicated by the approximate calcula- 
tions of Huntington’ and by the measurement of the 
onset of electron-induced damage in copper at liquid 
nitrogen temperatures by Eggen and Laubenstein.‘ 
Harrison and Seitz” have suggested that better agree- 
ment with experiment might be obtained if Pa(7) were 
assumed to increase more gradually, and Sampson, 
Hurwitz, and Clancy have considered a linear rise of 
P,(T) from zero to unity with increasing 7. 

Upon calculating the variation of 04 versus bombard- 
ing-electron energy [henceforth denoted by o4(£) | for 
different assumed forms of Pa(7), we found that both 
the shape and absolute magnitude of oa(#) are more 
sensitive to the value of 7 for which Pa(T)=}4, than 
to the detailed form of Pa(7), at least for the range of 
bombarding energies used in this experiment. Our 
experiments, therefore, give no information about the 
detailed shape of P4(7), but do give information about 
the value of T for which Pa(7)=4. Since the value of 
oq at each bombarding energy is approximately deter- 
mined by this quantity, independent of the detailed 
shape of P4(7), we have a measure of the absolute value 
of the displacement cross section, 

Figure 10 shows various types of displacement func- 
tions used in calculating o,(£). The og(£) curves for 
different P4(7T) cluster in bands characterized by the 
value of T for which P4(7)= 4. An example of this is 
shown in Fig. 11, which gives curves for different P4(T) 
functions which all have P4(7T)=4 at T= 24 ev. Calcu- 
lations for other “average” thresholds than 24 ev show 
similar behavior. Therefore, in subsequent discussion 
we shall consider only calculations based on the simple 
step-function, with the understanding that the threshold 
energy 74 deduced by comparison of these calculations 


* H. B. Huntington, Phys. Rev. 93, 1414 (1954) 
*” W. A. Harrison and F. Seitz, Phys. Rev. 98, 1530 (1955). 
“1 Sampson, Hurwitz, and Clancy, Phys. Rev. 99, 1657 (1955). 
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with experiment is to be interpreted as the value of the 
transferred energy 7 at which the displacement prob- 
ability is one-half. 

The absolute value of the displacement cross section 
aa is not determined directly from experiment, since 
the resistivity contribution of a Frenkel pair is not 
known. However, oa is proportional to the measured 
increase in resistivity per bombarding electron, Ap,, 
and hence the shape of the experimental Ap,(/) curve 
is identical with the shape of the o4(£) curve. The com- 
parison of theory with experiment, therefore, is made 
with the theoretical and experimental curves all norma- 
lized at some value of the energy, which we chose for 
convenience as E= 1.35 Mev. Figure 12 shows a norma- 
lized plot of calculated o4(#) curves for various choices 
of 74. The narrow cross-hatched region includes the 
curves of Fig. 11 which were all obtained with different 
forms of Pa(7) but which had the common feature 
that Pa(T) =} at T= 24 ev —illustrating again the close 
clustering of og(£) curves for a given P(7T)=4 group. 
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Fic. 10. Different forms for P4(7), the probability that a struck 
atom be displaced, as a function of the kinetic energy, T, trans 
ferred to the struck atom: (A) step function, (B) linear function, 
(C) siny function (where x goes from —w/2 at T—A to +n/2 
at 7+), and (D) multiple step function. These functions, which 
are all antisymmetrical about the point Pa(7T)=4, were used to 
calculate the curves of Fig. 11 which show the variation of 
displacement cross section with bombarding-electron energy. 
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Fic. 11. Displacement cross section, o4, versus bombarding 
electron energy for different forms of the displacement probability, 
Pa(T), shown in Fig. 10. All these curves have Pa(7)=4 at a 
kinetic energy, 7, of 24ev for the struck copper atom. The 
numbers for each curve give the values of 7 at which Pq(7T)=0 
and 1. 


Figure 13 compares the curves of displacement cross 
section (calculated using step-function displacement- 
probability functions) versus incident electron-beam 
energy, with our experimental relative cross section data, 
the average beam energy associated with each experi- 
mental point being calculated from the Landau dis- 
tribution. From this figure we obtain 7'4= 234-2 ev. A 
value of Ta4=21+2 ev is obtained if the average ele 
tron energy determined in the beam-heating experi 
ments is used, The heating experiments give the lower 
limits on the energy since they are uncorrected for 
sources of energy loss (e.g., secondary electrons, x-rays, 
etc.). We shall therefore take 7,= 224-3 ev as our best 
estimate of 74. The corresponding value of the displace 
ment cross section at 1.37 Mev is ag= (57417) barns, 
determined from a curve like those of Fig. 11, drawn 
for a step function with 7= 22 ev. If one assumes that 
the damage consists of Frenkel pairs, this value of 4 
together with our previously determined Ap, gives a 
resistivity Ape=1.45+0.5 wohm cm/atomic % Frenkel 
pairs. 

A similar comparison has been made using theoretical 
oa(E) curves calculated by means of the Fuchs analysis” 
which includes the possibility of multiple defect produc- 
tion due to copper atoms that receive sufficient kinetic 
energy to displace other atoms. This comparison yields 
Ta= 2044 ev, o4=79+426 barns. However, since the 
Fuchs analysis probably overestimates the multiplica- 
tion because the calculation does not include the replace 
ment collision process™—the process in which the striking 
atom in an atom-atom collision may replace the struck 
atom in the normal lattice site-—-we have decided to 
express our results in terms of the production of 
primary defects. 

Implicit in this method of obtaining an absolute 
cross section by comparison of theoretical and experi 
mental relative cross sections are the assumptions that 


2 R. Fuchs (private communication) 


* J. Neufeld and W. S. Snyder, Phys. Rev. 99, 1326 (1955). 
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Fic. 12. Displacement cross section normalized at 1.35 Mev, [#/o(1.35)], versus bombarding-electron energy 
These curves were calculated from Eqs. (6), (7), and (8) of text. The cross-hatched region includes the curves of 
Fig. 11, all of which had the displacement probability P4(7)=4 at 24 ev but with the different forms of Pa(7) 
shown in Fig. 10. The other curves were calculated under the assumption that P4(7) is a step function and the 
numbers refer to the assumed value of the threshold energy. 


only one class of defects is produced at different electron 
energies and that the displacement probability does 
eventually reach unity. The quoted errors do not 
include any estimate of the absolute reliability of the 
cross-section determination, but do include the scatter 
in fitting the theoretical cross section versus energy 
curves, the absolute errors in determining Ap,, and the 
uncertainty due to the difference between the calcu- 
lated and measured average electron energies. 

The final column of Table IV gives some of the 
various theoretical estimates of Ap; and it is seen that 
the experimental value supports low, rather than high, 
estimates. The absolute determination outlined above is 
rather indirect, and experiments are in progress on the 
change in lattice parameter which should give a more 
direct and reliable estimate. It is also true that experi- 
mental determination of Ap, is complicated by the 
possibility that a significant number of close pairs of 
interstitials and vacancies are involved in the experi- 
ment, Until it is known to what extent the interference 
between close interstitial and vacancy pairs affects the 
measured resistivity, and how many such pairs exist, 
our experimental determination of Ap, cannot strictly 
be compared with the theoretical values in Table IV. 
However, it would appear unlikely that the true value 
Ap, for separated vacancies and interstitials approaches 
the large theoretical values. 


In both deuteron? and neutron’ irradiations, an- 
alyses based on a theoretical value of Apy=2.7 wohm 
cm/atomic % have given defect concentrations a factor 
of five below that predicted by radiation-damage 
theory, assuming a 25-ev step-function threshold. 
Using our values of 7,= 22 ev and Ap;= 1.45 wohm cm 
atomic % in the heavy-particle calculation reduces 
this discrepancy to a factor of about three. Neufeld and 
Snyder® have included the replacement collision 
process in the calculation of secondary defect produc- 
tion for heavy-particle damage, and thereby reduce the 
discrepancy to a factor of ~2.0. It is interesting to in- 
quire whether the remaining discrepancy of 2 to 3 can 
be accounted for by linear displacement-probability 
functions that are consistent with our measured energy 
dependence. The calculations of Sampson,:Hurwitz, and 
Clancy” indicate that a factor of only about 1.2 is to 
be obtained in this way, and it seems that the remaining 
discrepancy will have to be resolved in some other way. 
The difference probably arises in the considerable 
complication of the heavy-particle damage process due 
to the multiplication effect of fast recoil atoms. Qualita- 
tively the relative difference could be explained by the 
annealing effect of thermal and displacement spikes 
which are present in the heavy-particle case but absent 
in the electron bombardment. It may also be that the 
threshold behavior for atom-atom collisions, which are 
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important in the heavy-particle bombardments is 
somewhat different than the threshold behavior meas- 
ured here. It clearly would be very interesting to extend 
damage measurements to high electron energies where 
the multiplication processes are important, and to 
bridge the gap between light- and heavy-particle 
experiments. 
Annealing Studies 


Annealing experiments of the sort described here 
potentially provide a great deal of information about 
the configuration of atoms produced in the initia] dis- 
placement. For example, if the initial damage process 
were to correspond to close interstitial-vacancy pairs 
with an appreciable interaction, such pairs might re- 
combine during annealing according to a first-order 
rate equation, 

dn/di«nexp(—Q/kT), (9) 


where () is the energy barrier for recombination, As 
another example, the interstitials and vacancies may 
be widely and randomly separated in the damage 
process. Upon annealing, one class of defects could 
become mobile and through diffusion find and annihilate 
the other. The annealing might then proceed according 
to a second-order rate equation, 


dn/di« n® exp(—Q/kT), (10) 


where Q now is the activation energy for diffusion of 
the mobile defect. 

As a third example, the mobile defects might become 
trapped at randomly distributed trapping centers, 
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leading again to a first-order rate equation if the 
number of trapping centers is large. In general, the 
annealing behavior may be complicated by a multi 
plicity or an admixture of processes of these and other 
types. Attempts to fit the isothermal annealing data 
with sums of first- or second-order rate equations show 
that a minimum of six first-order terms or four second 
order terms must be used. 

In an attempt to determine an activation energy 
we have analyzed our isothermal annealing data using 
Overhauser’s slope-matching method” for sequential 
isothermal anneals, and have found that more than a 
single activation energy is required to describe the 
data. Overhauser’s method does not apply under these 
conditions. When so many terms must be used and so 
few experimental points are available, no significance 
can be attached to the activation energies, beyond 
noting that they fall in the range of ~90.1 ev. 

The isochronal annealing data cannot be described 
in any simple way either, and it appears that more 
detailed data are required before the annealing behavior 
can be interpreted in terms of a detailed model. 

Despite the complicated nature of the annealing, 
it is likely that at least part of the recovery is due to 
the recombination of interstitials and vacancies, in 
cluding possible close pairs. The loss of ~90% of the 
radiation-induced resistivity suggests that most of the 
defects have participated in whatever processes take 
place. If we assume that no recombination takes place 
and that the full resistivity loss results from the motion 


“A.W. Overhauser, Phys. Rev. 94, 1551 (1954) 
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Frenkel pairs 


Reference Vacancies Interstitials (Aps) 


04 0.6 
5.0 


0.75-1.0 


1.0 
6.3 
1.5-2.0 


Dexter* 
ongenburger” 
latt® 
Overhauser and 
Gorman* 
Harrison*® 
(This paper 
experimental value) 


1. 
0.75-1.0 


1.5 
0.8 


10.5 
0.2 


12.0 
1.0 


1.45+0.5 


.. Dexter, Phys, Rev, 87, 768 (1952). 
ongenburger, Nature 175, 545 (1955). 
Blatt, Phys. Rev. 99, 1708 (1955). 
. Overhauser and R. L. Gorman, Phys. Rev. 102, 676 (1956). 
. Harrison (private communication). 


of interstitials to trapping sites, then the resistivity 
increase left at 80°K is the sum of the resistivity of the 
initial concentration of vacancies and the resistivity 
of the trapped interstitials. If the trapped interstitials 
have zero resistivity, the fact that there has been a net 
change in resistivity of 10:1 implies that the ratio of 
interstitial to vacancy resistivities is 9. If the trapped 
interstitials contribute any resistivity, then the ratio 
is even higher than 9. From Table IV the maximum 
theoretical ratio of interstitial resistivity to vacancy 
resistivity is 7. Further, since our result seems to agree 
with theories predicting a ratio more like unity, it 
seems probable that a significant amount of interstitial- 
vacancy recombination is occurring in our experiment; 

The above arguments cannot be pursued persuasively 
for previous work with neutrons and deuterons which 
shows a maximum resistivity change of about 50% in 
this same temperature range. It is not known whether 
the differences in annealing behavior between the 
electron and heavy-particle irradiations represent differ- 
ences in the type of damage produced, or in the speci- 
men purity. 


SUMMARY AND CONCLUSIONS 


The primary data obtained from our experiments 
show the following features : 


FISKE, AND WALKER 

(1) The resistivity increase caused by electron irra- 
diation of copper foils at low temperatures is inde- 
pendent of irradiation rate or time of annealing after 
irradiation, when the specimen temperature is in the 
range 4.2°K to about 20°K. 

(2) In this temperature range the resistivity increases 
linearly with the electron dose up to a total of 8.4 10'* 
electrons/cm?, 

(3) 1.37-Mev electrons produce a resistivity increase 
of (8.25+ 1.2) 10-*7 ohm cm/(elec./cm?). 

(4) About ninety percent of the resistivity increase 
produced by low-temperature irradiation anneals out 
between 20°K and 65°K, the most rapid annealing 
occurring near 40°K. 

(5) The annealing kinetics are not describable by a 
simple rate equation with a single activation energy. 

From these primary data, with the help of assump- 
tions described in the text, the following additional 
conclusions can be drawn: 

(6) The energy that must be transferred to a copper 
atom, to give it a displacement probability of 4, is 
22+3 ev. 

(7) The resistivity of an interstitial-vacancy pair in 
copper is 1.45+0.5 wohm cm/atomic % of pairs. 


This experiment indicates that the simple model 
which assumes a step-function for the displacement 
probability, with the threshold energy ~ 22 ev, gives a 
fairly good quantitative description of the defect pro- 
duction process. However, it has not been possible to 
specify the nature of the defects exactly, nor their 
motion and interaction during an annealing experiment. 
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A study has been made of the properties of the compounds GaAs and InSb alloyed with Si, Ge, Sn, and 
Pb; the quasi-binary InSb-GaSb was also investigated. Lattice parameter, infrared absorption, and elec- 
trical resistivity measurements were made. The forbidden energy gaps of the GaAs alloys were found to vary 
inversely with the spacing, with the one exception of the GaAs-Ge alloy, where the reverse effect was ob 
served. On the basis of the infrared transmission and electrical resistivity data it was concluded that the 
Group IV elements substituted for nearest-neighbor pairs in GaAs, but in the case of Si and Ge in InSb it 
appeared that the substitution of only one atom in the unit polyhedron occurred. 


I. INTRODUCTION 


OME of the Group III-V compounds which crystal- 
lize in the zinc blende structure are semiconductors, 
and Welker' has shown that these compounds have 
many interesting properties. Only combinations of 
Group III elements with s*? and p! outer electrons and 
Group V elements with s* and p* outer electrons would 
be expected to produce a semiconductor with tetra- 
valent bonding. Of these combinations, the aluminum, 
gallium, and indium phosphides, arsenides, and anti- 
monides have been found to be semiconductors, but 
the data on arsenides and phosphides are quite meager. 
The antimonides have been investigated in some detail, 
probably because they are the easiest to produce. 

This work is concerned in part with the preparation 
and the properties of GaAs. In addition, the Group IV 
elements, Si, Ge, Sn, and Pb were added to GaAs to 
determine the solubility of these elements in the com- 
pound and to observe the influence of alloy additions 
on the interatomic distance, resistivity, and forbidden 
energy gap. Infrared absorption measurements were 
used to follow the changes in energy gap. Similar addi- 
tions were also made to the compound InSb, and the 
quasi-binary InSb-GaSb was investigated in order to 
observe the effects of substituting one Group III 
element for another. 


II. GaAs-GROUP IV ALLOYS 


The compound, GaAs, was prepared from 99.95% 
pure Ga which was subsequently zone-refined and from 
99.99%, pure As. A mixture containing 55 atomic 
percent Ga was heated at 900°C in a sealed, evacuated 
double-walled quartz bomb. The compound was thus 
produced in a liquid matrix and the problems arising 
from excessive arsenic vapor pressure were thus alle- 


* This paper is based on a dissertation presented by C. Kolm in 
ale fulfillment of the requirements for the Sc.D. degree in 
Metallurgy at the Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 

t The research reported in this document was supported jointly 
by the Army, Navy, and Air Force under contract with the 
Massachusetts Institute of Technology. 

t Associate Professor, Department of Metallurgy, Massa 
chusetts Institute of Technology. 

1H. Welker, Z. Naturforsch. 7a, 744 (1952); 8a, 248 (1953). 


viated. The resultant material was powdered and the 
excess Ga was removed by leaching in concentrated 
HCl. The compound could than be melted without 
danger of explosion since the vapor pressure of As over 
the compound at the melting point is approximately 
one atmosphere, The GaAs was zone refined vertically 
in a double-walled quartz tube by lowering the tube 
through a resistance furnace at 800°C, a narrow induc- 
tion coil (5 Mc/sec), and a second resistance furnace in 
series. The resistance furnaces prevented condensation 
of As in equilibrium with the molten compound, 

The GaAs alloys containing Group IV elements were 
made by melting the compound and the solute element 
in a sealed, evacuated, double-walled quartz tube, 
holding the mixture at the melting point for one-half 
hour and then pulling the tube out of the hot zone at a 
rate of about one inch per hour. This technique pro- 
duced homogeneous alloys with a large grain size. 

The solubilities of the Group IV elements were 
determined from lattice parameter measurements using 
CuK, radiation and a 114.6-mm powder camera. 
Film-shrinkage corrections were made and additional 
errors? were minimized by extrapolating the apparent 
lattice parameters vs the function 4(cos*#/0+-cos’6/ 
sind), where 6= Bragg angle. The lattice-parameter data 
are summarized in Fig. 1, and Vegard’s law was assumed 
to hold in determining the extent of solubility in each 
case. It is interesting to note that the solubilities of Si, 
Ge, Sn, and Pb in GaAs are all very similar, being 
between 0.50 and 0.60 atomic percent. In each case, 
however, there is an appreciable decrease in the lattice 
parameter of the arsenide on alloying, and the lattice 
parameter of the saturated compound appears to be 
remarkably constant. 

The forbidden energy gap was measured for each of 
the compounds by determinations of infrared transmis- 
sion using a Perkin-Elmer single beam, double-pass, 
infrared spectrometer. A silicon-carbide rod heated 
electrically to about 1100°C was used to provide a 
source of continuous radiation, The samples were thin 
disks, ground to 0.010 inch in thickness and polished 
metallographically on both sides. The thin sections were 
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mounted on a brass holder so that the light completely 
covered the sample. A sodium chloride prism was used 
for all measurements because of its large infrared 
transmission range. A standard technique of comparing 
intensity vs wavelength with and without the sample 
in place was employed. 

Figure 2 shows the effects of silicon additions on the 
infrared transmission properties of the arsenide. It is 
evident from Table I that the alloy containing 0.5 
atomic percent silicon is a single-phase material; Fig. 
2 indicates that the transmission edge for the alloy is 
at a slightly shorter wavelength than for the pure 
compound, and the forbidden energy gap has been 
correspondingly increased. It was found that all of the 
single-phase materials exhibited transmission curves 
which were quite parallel in the steep portion, and 
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Fic. 2. Transmission curves for GaAs-Si alloys. 
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relative shifts of the absorption edges were expressed 
in terms of the wavelength at the half-power point. 
The GaAs-1% Si alloy, on the other hand, exhibited a 
half-power point at a longer wavelength, and it should 
be noted that this material contains two phases. A 
similar progression was noted for the 2 and 5% Si 
alloys. The transmission curves for the two-phase 
alloys represent a superposition of two transmission 
curves, one for GaAs saturated with Si and one for Si 
saturated with GaAs. 

The resultant transmission curve for a material 
containing two phases A and B will depend upon the 
percentages of A and B present, the absorption coeffi- 
cient of each phase at every wavelength, and the 
thickness of the sample. If a phase B has the lower 
energy gap and is added to A in small amounts, the 
resultant transmission curve will shift to longer wave- 
lengths with a change in slope. If the sample being 
measured is too thick, a small amount of B can prevent 
the transmission of light until the transmission range 
of B is reached. If the difference in energy gaps is small, 
it is also possible to observe a transmission curve which 
has two plateaus. The observed shifts in the absorption 
curves to longer wavelengths and the changes in slope 
are thus consistent with the presence of two phases in 
these materials. 

The effects of adding varying amounts of Ge to 
GaAs are shown in Fig. 3. Germanium was the only 
Group IV element which lowered the forbidden gap 
even when it was completely dissolved in GaAs. The 
effects of Ge addition beyond 0.5 atomic percent on the 
shape of the transmission curve are due to the presence 
of two phases in these alloys and the fact that ger- 
manium, with an energy gap of 0.71 ev, has a trans- 
mission range which occurs at much longer wavelengths 
than the transmission edge for GaAs. 





GROUP III-V 


INTERMET 


ALLIC COMPOUNDS 


TABLE I, Lattice parameters and energy gaps of GaAs-Group IV alloys. 


Lattice 
Material parameter 
Y \ 


(at 0) 


5.6500 
5.6532 
5.6527 
5.6525 
5.6527 
5.6529 
5.6526 
5.6526 
5.6529 


GaAs 

GaAs+ 0.5% Ge 
+ 1% Ge 
+ 2% Ge 
“+ 10% Ge 

GaAs+ 0.5% Si 
+ 1% Si 
+ 2% Si 
+ 5% Si 

GaAs+ 0.5% Sn 5.6529 
+ 1% Sn 5.6527 
+ 2% Sn 5.6529 
+ 5% Sn 5.6530 

GaAs+ 0.5% Pb 5.6531 
+ 1% Pb 5.6527 
+ 2% Pb 5.6527 
+ 5% Pb 5.6528 
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* tnergy-gap measurements of two-phase alloy 


Figure 4 shows the transmission characteristics of 
GaAs containing Sn and Pb additions. The addition 
of each of these elements has produced an increase in 
the forbidden energy gap. The addition of Sn, which 
has a smaller atomic size, appears to have produced a 
larger relative shift in the energy gap than that pro- 
duced by Pb. The two-phase alloys of GaAs-1% Sn 
and GaAs-1% Pb represent a different case for analysis 
than the two-phase Si and Ge alloys. In this instance, 
neither tin nor lead are semiconductors at room tem- 


perature. The presence of an excess of either element 
will not, therefore, cause a shift in the transmission 
curve of the semiconducting material, but will add free 
carriers to the compound. The presence of excess free 
carriers merely reduces the amount of light transmitted. 
Hence, the curves for the 1% Sn and 1% Pb alloys 
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0.942 
0.954 
0.963 
0.988 


very smeared 


0.938 
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0.969 
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brittle 
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urves for two semiconducting materials 


must represent the transmission properties of GaAs 
saturated with That true is 
shown by the fact that the transmission curves for the 
2% Sn and 2% Pb alloys coincide with the curves for 
the respective 1% alloys. It should also be noted that 


these elements. this is 


the infrared transmission properties represent a new 
method of determining the solid solubility limits of some 
metallic solutes in a semiconductor, 
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Fic. 5. Transmission curves for InSb-Group IV alloys. 


The data for the GaAs-Group IV alloys are sum- 
marized in Table I which lists the wavelength at half- 
power, the corresponding energy gap, the lattice 
parameter, and the relative change in the forbidden 
energy gap for each alloy. 


III. InSb-GROUP IV ALLOYS 


InSb and GaSb were made by melting the zone- 
refined components in a smoked quartz boat under a 
hydrogen atmosphere. The compound was then further 
purified by zone melting. The InSb alloys were melted 
using induction heating to insure good mixing. 

The infrared transmission properties of the InSb 
Group IV alloys are shown in Fig. 5. As shown in Table 
II, all of these measurements were made on two-phase 
materials. Since the presence of a tin- or lead-rich phase 
does not affect the measurement of the forbidden 
energy gap of InSb saturated with these elements, the 
optical transmission properties of the solid solutions 
could be determined. An excess of either germanium or 
silicon, on the other hand, could shift the transmission 


TABLE IT, Lattice parameters and energy gaps of 
InSb-Group IV alloys 


Lattice 
Material parameter 
(at. %) (A) 


InSb 6.4867 
InSb+ 1% Si 6.4790 
+ 2% Si 6.4788 

+ 5°, Si 6.4790 
6.4788 

InSb-+ 6.4788 
+ 2% G 6.4788 

+ 5%, 6.5790 
InSb //3 6.4800 
+ 2% 6.4797 
InSb+ 1° 6.4790 
+ Ve 6.4800 


No. of Half-power A AEa 
Phases (microns) (ev) 


7.92 0.157 
opaque ° 
opaque 
opaque 
opaque 
opaque 
opaque 
opaque 
6.22 
6.22 
7.72 
7.72 


0.200 
0.200 
0.161 
0.161 
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curves of InSb saturated with either of these elements 
to shorter wavelengths since they both have forbidden 
energy gaps greater than that of InSb. However, it was 
found that the presence of silicon and germanium in 
InSb completely prevents any transmission over the 
wavelength span investigated, as shown in Fig. 5. It is 
possible that silicon and germanium substitute pref- 
erentially for only one of the atoms in the InSb lattice.’ 
This type of substitution would contribute excess 
carriers which in turn would absorb energy from the 
incident light and thus render the alloy opaque. 

The addition of lead to InSb is seen to increase the 
energy gap (half-power values) from 0.157 ev to 0.161 
with a decrease in the lattice parameter from 6.4867 A 
to 6.4800 A. The effect of adding tin to InSb is seen to 
be analogous to the effect of adding lead. In this case 
the forbidden energy gap has increased to 0.200 ev; 
however, the decrease in lattice parameter was the same 
as for the InSb-Pb alloys. Thus, the smaller Sn atom 
has caused a greater increase in the energy gap than 
the larger Pb atom, although the equivalent alloys have 
equal lattice spacings. 


TABLE III. Lattice parameters and energy gaps of 
GaSb-InSb alloys 


Lattice 
parameter Half-power A AEa 
A) (microns) (ev) 


1.75 0.710 
2.244 0.554 


No. of 
Phases 


Material 

(at. %) 
GaSb 
90 GaSb-10 InSb 
85 GaSb-15 InSb 
70 GaSb-30 InSb 
50 GaSb-50 InSb 
30 GaSb-70 InSb 
15 GaSb-85 InSb 
10 GaSb-90 InSb 
InSb 


6.0954 
6.1013 
6.1170 
6.1195 


6.4788 
6.4788 
6.4787 


6.4867 7.92 
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Fic. 6. Transmission curves for InSb-GaSb alloys. 


IV. InSb-GaSb ALLOYS 


In order to determine the extent of substitution of 
indium and gallium in the corresponding antimonide 
compounds, nine alloys including the pure compounds 
were made. Figures 6 and 7 show the optical trans- 
mission properties of these alloys. The corresponding 
lattice spacings and energy gaps are given in Table II. 
It appears that the solid solubility of InSb in GaSb lies 
between ten and fifteen atomic percent and that of 
GaSb in InSb is less than ten percent. Thus, the trans- 
mission curves shown in Fig. 6 represent the transmis- 
sion properties of two-phase materials. However, the 
addition of GaSb to InSb is seen to have increased the 
energy gap of InSb. This is indicated by the fact that 
the curve of the 90% InSb-10% GaSb alloys is at a 
shorter wavelength and lies closely parallel to the curve 


Fic 7. Transmission 
curves for GaSb-InSb al 
loys. 





of pure InSb. Energy gaps cannot be determined from 
these curves, however, since they represent the sum of 
two transmission curves. 

Figure 7 shows the transmission curves for the high 
percentage GaSb alloys. Several additional effects can 
be seen in the case of the high GaSb alloys. The addition 
of 10% InSb to GaSb has decreased the forbidden gap 
from 0.71 ev to 0.55 ev. It is evident that the single- 
phase 90% GaSb-10% InSb alloy has a transmission 
curve with the same shape as that of GaSb. The curves 
in Fig. 7 of the two-phase alloys have completely 
different properties, however, in that a double transition 
is observed for each of these materials. Since the sepa 
ration of the absorption edges is large for the saturated 
solid solutions, the double transition cannot be a result 
of adding their individual transmission curves, This 1s 
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hc, 8. Energy gaps of tetravalent semiconductors as a 
function of 1/a? 


evidenced by the curve for 85%-GaSb-15% InSb. This 
curve shows a transition at a‘slightly higher energy 
level than that of the single-phase 90% GaSb-10% InSb 
alloy and another very smeared transition at a longer 
wavelength. Thus, the further exchange of indium for 
gallium has probably resulted in a further shift in the 
relationship between two minima in the conduction 
band. The exact shift between the minima cannot be 
determined because the effect of the second InSb-rich 


phase is to displace the whole curve to the right. Thus, 
the curve of GaSb saturated with InSb would have a 
similar shape and would lie further to the left than that 
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Fic. 9, Melting points of tetravalent semiconductors as a 
function of 1/a*. 


AND AVERBACH 

of the 85% GaSb-15% InSb. It appears that a higher 
minima has been lowered since one of the transitions 
lies to the left of the transition for the 90% GaSb 
10% InSb alloy. Unfortunately, the exact position of 
this transition is not determinable. Similarly, the curve 
for 70% GaSb-30% InSb lies farther to the right than 
the 85% GaSb-15% InSb curve due to the presence of 
the InSb-rich phase. In the two-phase alloys, the second 
transition, or that lying furthest to the right in Fig. 7, 
probably corresponds to the transition initially ob- 
served in GaSb but now lowered in energy by the pres- 
ence of indium in solid solution. 


V. DISCUSSION 


Pauling‘ has suggested that the covalent-bond energy 
between two equally shared electrons at the minimum 
bond distance is related to the reciprocal of the bond 
length. This suggests that the forbidden energy gaps 
of the Group IV semiconductors should exhibit a 
similar relationship. The data in Fig. 8 indicate that 
the energy gaps are proportional to 1/a*, where a is the 
lattice parameter, and that a similar relationship holds 
for the III-V intermetallic compounds. Figure 9 indi- 
cates that the melting points a!so vary as 1/a*. The data 
are probably not accurate enough to justify a choice 
between an a” or an a~ variation, but it is apparent 
that the energy gap increases as the lattice parameter 
decreases for these semiconductors. 

In general, it was found that the energy gaps of the 
Group II-V compounds increased on Group IV alloy 
additions, consistent with the observed decreases in the 
lattice parameters. The only exception arose in the case 
of Ge additions to GaAs, and ‘Table I shows that the 
energy gap of GaAs-0.5 atomic percent Ge was lower 
than for pure GaAs even though the lattice parameter 
of the alloy was considerably smaller. Figure 10 shows 
the observed variation of energy gap as a function of 
1/a for the GaAs-Group IV alloys. This relationship 
appeared to give a better fit in the case of the Sn and 
Pb alloys than a similar plot vs 1/a’, although the extent 
of the data probably does not warrant a detailed ex- 
amination on this basis. The energy-gap data for two- 
phase alloys of Sn and Pb are shown in Fig. 10 since a 


TABLE IV. Resistivities of GaAs~Group IV alloys 


Material (at. %) Resistivity (ohm-cm) 


0.001-0.006 
average 0.003 

0.0019 

0.002 

0.12 

0,007 

0.0019 

0.023 

0.0025 


GaAs 


GaAs+0.5% Si 
+1% Si 
GaAs+0.5% Ge 
+1% Ge 
GaAs+0.5% Sn 
+1% Sn 
GaAs+0.5% Pb 


*L. Pauling, J. Phys. Chem. 58, 662 (1954) 





GROUP III-V 
small quantity of metallic phase does not interfere with 
the transmission measurement. 

Since GaAs has a zinc blende structure, it would seem 
that additions of Group IV elements should maintain 
both the tetravalent bonding and the electron stoi- 
chiometry. This can only be accomplished, however, if 
the solute atoms enter the GaAs lattice in pairs, re- 
placing two neighboring unlike atoms. On the basis of 
electrical resistivity and Hall measurements, Schillman® 
decided that Group IV elements enter the compound 
InAs with a replacement of In atoms only. Each Group 
IV atom would thus act as a donor and contribute an 
electron to the lattice. With the relatively large solu- 
bilities found in the case of the GaAs-Group IV alloys 
a similar substitution would produce a large decrease 
in electrical resistivity. Although such changes were 
observed by Schillman in the case of InAs, the resis- 
tivities of the GaAs alloys, which are listed in Table IV, 
remained essentially constant in these experiments, In 
the case of GaAs it thus appears that the solute 
atoms substitute for Ga and As atoms in pairs. 

The preferential type of replacement appears to 
occur in InSb as evidenced by the opaqueness of these 
alloys to infrared light and the change in resistivity of 
the InSb upon alloying as shown in Table V. A similar 
opaqueness was not observed in the case of the corre- 
sponding GaAs alloys, and it was concluded that the 
Group IV elements substituted for the Ga and As atoms 
in nearest-neighbor pairs. This difference in behavior 
between the arsenide and the antimonide may be 
associated with the sizeable difference in the respective 
lattice parameters. Both Si (5.4282 A) and Ge (5.658 A) 
are quite similar in lattice size to GaAs (5.6560 A). A 
substitution of Si or Ge for either of the elements in the 
compound would be possible, but a substitution for a 
nearest-neighbor pair would result in a lower total 
energy by avoiding the formation of a new electron 
energy level associated with an unpaired electron, On 
the other hand, InSb (6.4867 A) has a much larger 
lattice, and the substitution of a pair of very small 
atoms seems unlikely because of the large local dis- 
tortion produced. It thus appears that in the latter 
case the substitution of only one atom occurs in a unit 
tetrahedron with the consequent formation of a new 
local energy level. The sizes of the Sn and Pb lattices 
on the other hand, are much closer to that of the 


TABLE V. Resistivities of InSb-Group IV alloys.* 


Resistivity (ohm-cm) 


0.905 
0.057 
0.005 
0.0005 
0.0355 


Material (at. %) 


InSb 

InSb+0.5% Si 
+0.5% Ge 
+0.5% Sn 
+0.5% Pb 


INTERMETALLIC 


COMPOUNDS 


* 
1% Sn 


0.5% Sa 


AP (ev) 


1% Po 


G 


e 0.5 % Po 


FORBIDDEN ENERGY 





| 


0.1766 0.1769 


"7g (10% em’) 


“1G, 10. Forbidden energy gap vs 1/a for GaAs alloys 


antimonide and some pairwise substitution could occur. 
This was apparently observed since Table II shows 
that these alloys exhibited some infrared transmission. 

Additions of Group IV elements to high-purity® InSb 
have been shown to decrease the lattice parameter and 
to increase the forbidden energy gap. These energy-gap 
changes cannot be attributed to degeneracy® since a 
decrease in transmitted intensity was not observed at 
long wavelengths as in all of the degenerate samples 
studied by Tanenbaum and Briggs.’ Zitter* has re 
ported that the forbidden energy gap of InSb was 
insensitive to the presence of Sn, but this material was 
very impure’ and the effect of the Sn additions was 
probably masked. 

It is interesting to observe that Folberth' found a 
complete series of solid solutions in the system GaAs 
GaP and Weiss" observed a similar situation in the 
InAs-InP system. In this work the solubility limits of 
the GaSb-InSb system were found to be only about 
10%, whereas Woolley, Smith, and Lees" report com- 
plete solid solubility after prolonged annealing. The 
GalInSb, alloy of Blakemore” was two-phase material, 
however, leaving some doubt as to the equilibrium 
compositions of the GaSb-InSb alloys. 
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Role of Metastable States in the Production of Scintillations in the 
Rare Gases by Alpha Particles 
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The lifetimes of alpha-ray induced scintillations in the rare gases (Xe, Kr, A, and Ne) were measured as 
a function of pressure. The lifetimes were found to be inversely proportional to the pressure. It is shown 


that the major part of the scintillations are in the far ultraviolet 


below 1250 A. It is suggested that these 


scintillations result from the destruction of metastable excited states of the rare gas ions. 


T has recently been reported that xenon and krypton 
can be used as fairly efficient scintillators for heavy 

ionized particles.’ In this work it has been shown that 
large numbers of metastable states are produced by 
the passage of alpha particles through the rare gases 
and that the destruction of these metastable states is 
accompanied by light emission in the far ultraviolet 
(less than 1250 A). With an appropriate light converter, 
it was shown that the major part of the resulting light 
scintillations is produced by this process. 

The average pulse height and the rise time of the 
integrated light pulses obtained by the passage of Po?" 
alpha particles through the rare gases (pure xenon, 
krypton, argon, and neon) were measured as a function 
of pressure in the range between 40 and 700 mm Hg. 
An E.M.1, multiplier with a quartz envelope was used. 
The walls of the counting cell as well as the quartz 
window facing the multiplier were covered with a thin 
layer of sodium salicylate, which is known to be a 
converter for the far ultraviolet radiation. With xenon 
at a pressure of 600 mm Hg, a resolution of 14% was 
obtained for 5.3-Mev alpha particles. 

Relatively long fluorescent decay times were ob- 
served, between 210-7 and 4X10~° sec. The lifetimes 
were found to be inversely proportional to the pressure, 
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Fic, 1, Variation of inverse mean life (1/7) with rare gas pressure 
(accuracy of r: +10%) 


1 R. Nobles, Rev. Sci. Instr. 27, 280 (1956), 


throughout the range investigated, for all the gases 
(Fig. 1). Experiments carried out with a lithium 
fluoride window, instead of quartz, showed that most 
of the quanta in gas scintillations lay below 1250 A. 
The long decay times point to the production of 
metastable states, which may yield light upon destruc- 
tion. The linear dependence of 1/7 on pressure shows 
that the destruction of the metastable state takes place 
mainly by two-body collisions, for the pressures ex- 
amined. Colli? observed the light associated with the 
production of metastable states in the Townsend dis- 
charge taking place in a proportional counter, con- 
taining argon, and it is very likely that these phenomena 
are closely connected with those described here, al- 
though her lifetimes are considerably different than 
those found in the present work. 

The excitation of a metastable state to a near-lying 
resonance level in two-body collisions provides an 
efficient mechanism for destruction of the metastable 
states, and will be accompanied by emission of the 
resonance radiation. However, if the metastable states 
are those of neutral atoms, the resonance radiation will 
be imprisoned at the pressures used and cannot account 
for the scintillations. Moreover, in xenon, the expected 
resonance radiation of the neutral atoms of xenon 
would have a wavelength of 1490 A, much longer than 
that observed. We are therefore led to the hypothesis 
that resonance levels of rare gas ions may be excited 
in the destruction of ionic metastable states by two- 
body collisions, and that the resultant resonance radi- 
ations give rise to the observed scintillations. In such 
a process, the resonance radiation will not be imprisoned 


TABLE I. Effect of light converter on pulse height. The figures 
in column 2 are relative values as compared to the normalized 
pulse height with converter for each particular gas and they 
represent the fraction of light quanta between 2200 and 5500 A 


Sodium salicylate as 
light converter 


Rare No light 
gas conversion 


A 35 100 
Ne 80 100 
Xe 12 100 
Kr 18 100 


*L. Colli, Phys. Rev. 95, 892 (1954) 
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RARE GASES 
because of the relatively low concentration of ions; 
also, the strong resonance lines of the rare gas ions are 
well below 1250 A (e.g., 1100 A for xenon). 

From the observed amplitude of the light pulses and 
assuming that the quantum yield of sodium salicylate 
is near unity, we obtain that the ratio between the 
number of metastable states formed to the total number 
of ions produced in the passage of the alpha particle is 
about 0.03. This does not appear to be inconsistent 
with the experiments of Hagstrum* who showed that 
one can detect metastable ions by the secondary elec- 
trons emitted on impact with metal surfaces. He has 
shown that the ratio of cross sections for the formation 


of metastable ions and normal ions by slow electrons is 


*H. D. Hagstrum, Phys. Rev. 104, 309 (1956) 
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about 0.02. As a further support for this explanation of 
the scintillations, we may mention that in Ne* there 
are no metastable states similar to those occurring in 
Xe and Kr ions’ and indeed, in the present experi 
ments, neon was the only rare gas for which the presence 
of sodium salicylate did not produce a large increase 
in the total light output. (See Table I.) 

It would seem that in addition to the importance of 
these phenomena for the understanding of gas scintil 
lations, they indicate new methods of studying the 
properties and fate of metastable atoms. 

A detailed description of these experiments is in 
preparation. 

*C.E. Moore, Alomic Energy Levels, National Bureau of Stand 


ards Circular No, 467 (U.S. Government Printing Office, Wash 
ington, D. C., 1949), Vol. 1 
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Medium-Energy Deuteron Photodisintegration* 


N. 


University of Pittsburgh, 


AUSTERNT 


Pittsburgh, Pennsylvania 


(Received June 21, 1957) 


It is shown that the distinctive features of the photoeffect angular distribution in the energy range 
20-100 Mev probably result from a strong modification of the 4/9 outgoing wave amplitude, to be under 
stood as a result of the excitation of virtual mesons in a fashion which violates the Siegert theorem. Some 


evidence also is found which suggests the need for a repulsive-core modification of the ground-state wave 


function. The contributions from the transition 4D, 


I. INTRODUCTION 
HENOMENOLOGICAL analysis of the photo- 


disintegration data can give one or another of two 
kinds of information about the deuteron system. If 
both the initial and final state wave functions are 
known, it might give information about the nature of 
the radiative interaction; if the interaction mechanism 
is known, it might give information about the wave 
functions. In the past it has seemed that the second of 
these two possibilities would apply in the medium- 
energy range, 20-100 Mev, and would provide useful 
information about the nuclear force in the *Pp, 1,2 states, 
the important final states of the process. In this paper 
it will be demonstrated to be unlikely that such informa- 
tion can be obtained, even though the energies are rather 
far below the meson threshold, for in the medium- 
energy region an unexpectedly strong modification 
seems to appear in the radiative-interaction mechanism. 
Good data regarding the medium-energy photoeffect 


* Work done in the Sarah Mellon Scaife Radiation Laboratory, 
and assisted by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission 

t On leave of absence during the 1957-58 academic year at the 
University of Sydney, Sydney, Australia 
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are analyzed, and are found to be rather large 
have been available for some time.' Nevertheless, the 
analysis only recently has become interesting, since 
nucleon scattering experiments with polarized beams 
have given information about the *?y, wave phase 
shifts. Several authors’ already have their 
nuclear-force ideas against the photoeffect data. The 
attitude which will be taken in this paper will be to 


tested 


attempt to extract the outgoing wave amplitudes Irom 
the data, and only after getting the amplitudes to 
attempt their interpretation. This approach is feasible 
because of the quite striking nature of the data. 


The photodisintegration is well known to be reliably 


' Lew Allen, Jr., Phys. Rev. 98, 705 (1955); Whalin, Schriever, 
and Hanson, Phys. Rev. 101, 377 (1956 

* For several analyses of the experiments, see H. Feshbach and 
Kk. A. Lomon, Phys. Rev. 102, 891 (1956); A. M. Saperstein and 
L. Durand, III, Phys. Rev. 104, 1102 (1956); J. L. Gammel and 
R. M. Thaler, Phys. Rev. 107, 290 (1957). I am grateful to 
Gammel and Thaler for a prepublication copy of their paper 
and to G. Breit for a prepublication copy of the Saperstein 
Durand paper. Moreover, I am especially grateful to L. Wolfen 
stein for many discussions about the high-energy phase shifts 
The present paper is a direct outgrowth of those discussions 

+S H. Hsieh and M. Nakagawa, Progr. Theoret. Phys. (Ky 
15, 79 (1956); S. H. Hsieh, Nuovo cimento 4, 13% (1956); S 
Hsieh, Progr. Theoret. Phys. (Kyoto) 16, 68 (1956). Some 
along related lines also was done by J. Bernstein and H, Feshbach 
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Fic 1. Experimental values for the cross section parameters, 
as given by Whalin, Schriever, and Hanson. The SMG prediction 
for b also is shown, the SMG prediction for a being zero 


a dipole process over the entire range thus far investi 
gated, a consequence of the high relative momentum of 
the outgoing nucleons.‘ Electric quadrupole disintegra- 
tion does yield an interesting interference in the 
medium-energy range, causing the protons to go prefer- 
entially forward,® but the actual £2 amplitude is quite 
small. It makes an entirely negligible contribution to 
the total cross section, and may be eliminated from the 
angular distribution by folding the experimental data 
about 90°. We then need only refer to the dipole form 


of the cross section, 
o=at+b sin’é (1) 


Some further simplification is afforded by the fact 
that throughout the entire medium-energy range the 
photodisintegration is an electric dipole process, 


USAID YOO Poot Pa). 


Magnetic dipole absorption is important at very low 


‘|. G. Brennan and R. G. Sachs, Phys. Rev. 88, 824 (1952) 

* A quantitative evaluation of this effect is given in the papers 
of Schiff, and of Marshall and Guth, references 15 and 16. The 
physical basis of the effect is discussed very clearly by A. Sommer 
feld, Atombau und Spektrallinien, W ellenmechanischer Ergdnzungs 
band (Friedrich Vieweg und Sohn, Braunschweig, 1929), pp 
211-215, as part of his analysis of hydrogenic atoms. Essentially, 
for gamma rays of a given energy it may be seen that protons 
which are emitted forward come from lower momentum parts of 
the ground-state wave function than those which are emitted 
backward, and so are more likely. This explanation relies upon 
the rigid-nucleon assumption (see Section IT) 


energy, as it leads to the advantageous ‘Sp final state,® 
and again at very high energy, being enhanced there by 
the pion-nucleon scattering resonance.’"* At medium 
energies, however, the M1 cross section only is a few 
percent of the F1 cross section, does not give any 
interference, and probably would be very difficult to 
detect.’ 

Figure 1 shows the cross-section data which will be 
analyzed in this paper, being a plot of the parameters 
a and 6 of Eq. (1), as a function of gamma-ray energy. 
We note immediately that the isotropic part of @ is 
extremely large. It will be argued in Sec. III that the 
only reasonable explanation of the large (a/b) ratio 
is that a large role is played by some new kind of F1 
process, such as that suggested by Wilson,’® and by 
Whalin, Schriever, and Hanson.’ This is the two-step 
process, virtual production of an S-wave pion and then 
disintegration by reabsorption of the meson. Theory 
suggests that this mechanism is of no importance for 
the *P;,. waves. The conclusion of this paper will be 
that it dominates in the *P?) wave, and determines the 
form of the cross section. It effectively masks the effects 
of final-state nuclear interactions. 

The transition *D,—*F, has not previously received 
much attention, most authors regarding the amplitude 
for this process as being small. Actually this amplitude 
is large,"' and in the present paper will be carried on 
equal terms with the other amplitudes. A complete £1 
photoeffect formula will be presented in Sec. II. 


II. RIGID-NUCLEON THEORY 
The photoeffect theory according to the ‘“rigid- 
nucleon” assumption will be described in this section, 
and will be compared with experiment, so as to show 
in what respects the data are unexpected. The formulas 
introduced for this theory are the same ones, with a 
slight reinterpretation, which also will be used in Sec. 
III. 

By the “rigid-nucleon” assumption it is meant that 
the Siegert theorem‘? is used, so that the matrix 
elements for the F1 transition are just the matrix 
elements of r, the neutron-proton separation. The 


nucleons are rigid in the sense that the proof of the 


® For example, see the analysis by H. A. Bethe and C. Longmire, 
Phys. Rev. 77, 647 (1950) 

7B. T. Feld, Suppl. Nuovo cimento 2, 145 (1955), N. Austern, 
Phys. Rev. 100, 1522 (1955) 

*F. Zachariasen, Phys. Rev. 101, 371 R. Suzuki, 
Progr. Theoret. Phys. (Kyoto) 15, 536 (1956); D. Ito et al, Progr 
rheoret. Phys. (Kyoto) 15, 74 (1956 

*It is possible that measurement of the polarization of the 
outgoing protons will give information about the M1 process at 
medium energies. See reference 23 

”R. R. Wilson, Phys. Rev. 104, 218 (1956 

"| first learned of the large value of the *D,—+*/, matrix element 
through a sum-rule discussion in the Ph.D. thesis of M. L. Rustgi 
[ Louisiana State University, 1957 (unpublished) }. I am grateful 
to J. S. Levinger for the opportunity to read this thesis 

2A. J. F. Siegert, Phys. Rev. 52, 787 (1937); R. G. Sachs and 
N. Austern, Phys. Rev. 81, 705 (1951); L. L. Foldy, Phys. Rev 
92, 178 (1953) 


(1956); 





MEDIUM-ENERGY DEU 
Siegert theorem assumes that the motions of the virtual 
mesons in the deuteron system always follow the mo 
tions of the nucleons, their relative motion not being 
affected by the gamma-ray interaction, that, therefore, 
the mesons need not be taken into account explicitly 
in computing the process. Of course, at sufficiently high 
energies the nucleons no longer should be expected to 
be rigid, and the Siegert theorem should not hold. It is 
a low-energy theorem. Ln Sec. III we will see how the 
Siegert theorem fails at medium energies for transitions 
to the *Po state. 

The parameters a and 6 of the electric-dipole photo 
disintegration are given by the formulas’: 


8 Lobe cos(b9— 4») 
6,)+9L+13L/’ 
6.) +18L/ 
6L.L; cos(b» 


a=[ B(k)/36 \{4L,?- 
12101; cos(do 
—181,12 cos(6; 


+18L,L, cos(6;—6,) by)}, (2) 


b [ B(k) 24 l{8LoL» cos (bo 60) +12L0L; cos(by9—6,) 
+ 31,°+ 7L4 181,15 cos(6, 6»)4 12L/ 
-18L,L, cos(6;—6;)+6L2L, cos(62—6,)}. (3) 


Here the subscripts 0,1, 2 refer to the *Po\,. waves, 
and f refers to the */, wave. The above formulas are 
complete, except insofar as the *?,—*F, mixing by the 
tensor force is neglected, a reasonable approximation 
for the energies under discussion. The quantities 6, and 
6, are the scattering phase shifts, with the approxima 
tion 6,=0 being employed henceforth. The quantities 
Ly and Ly, are the amplitudes of the outgoing waves, 
with the rigid-nucleon assumption giving 


L 


J yr)LU—v2W joo(kr)dr, 


L 


i f (yr) LU +W/v2 Jo. (kr)dr, 


0 


Le f one W/5v2 |vo(kr)dr, 


z 


Ly= (3v2 5) f (yr)W[krj3(kr) \dr. (7) 


For these equations the deuteron wave function has 


been taken as 


Waeuteron 


with N being chosen to give the standard effective 


[N/r(4m)4]{U+8 4S pW) x1", (8) 


range normalization 


limU (r)=e-7, (9) 


re 


The F-wave terms of these formulas are presented here for 
the first time. Otherwise the formulas are the usual ones of W. S. 
Rarita and J. Schwinger, [Phys. Rev. 59, 556 (1941) ]. The corre 
sponding Eq. (9) of the paper by N. Austern, [Phys. Rev. 85, 283 
(1952) ] is missing a factor (4) in front of the sin%® term 
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ic. 2. The dimensionless coeflicient Bik), of (12 


2.77108 cm"! (10) 
Also vy are the P-wave radial functions, normalized so 


that 


limoy (kr) = kr{coséy7,(kr)—sindymy(kr)}. = (11) 


The j,(kr) and (kr) are the spherical Bessel and 
Neumann functions." Finally, 


i ¢ Mw \? 


B(k) ' (12) 
12hc hk vy 


A graph of the 
) 


where fw is the gamma-ray energy 
dimensionless function B(k) is given as Fig 

It should be noted that the amplitudes 1, are related 
to the Rarita-Schwinger amplitudes /, as 


Ly (¥ N)Iy. 


This modification is convenient, The Ly are radial 
integrals over dimensionless functions, and are scaled 
so as to be lengths of the order of those which actually 


are effective in this problem 


(a) SMG (Schiff, Marshall, Guth) Theory 


If all noncentral force effects are neglected, the 
equations of this section reduce to the case treated by 
Schiff,!® and Marshall and Guth.'® In this case 

Lo Ly L Lema, by 6; bo, ie Q) 
We find that a vanishes, the SMG theory predicting a 
purely sin’@ form for the cross section (exclusive of M1 
and £2 effects). For b the result is 


3 B(k) (Lema) (13) 


bsma 
MI I. Schiff, Quantum Mechanics (McGraw-Hill Book Com 
pany, Inc., New York, 1949), pp. 77, 78 
161, J. Schiff, Phys. Rev. 78, 733 (1950) 


16 J. F. Marshall and E. Guth, Phys. Rev. 78, 738 (1950 
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Fic. 3. Predictions of the rigid-nucleon theory for the 47, 
amplitude, Ly, and for the SMG value of the amplitudes Ly, 
computed under the circumstance that the ground-state wave 
function has the Hulthén form. Their ratio also is shown 


The special case of the SMG theory which is most 
widely employed is obtained if all final-state interactions 
are set equal to zero, including the central interaction, 
and a Hulthén form is used for U. Then 


Un=(ev—e*), (14) 


Lema= Lu -f ky Un ji(kr)dr 
0 


= hy { (y*+-k*) *#— (07+ #*)*}. (15) 
The introduction of a repulsive core would tend to 
increase Lama by several percent in the energy range 
of interest."” 

The SMG prediction for 6 was recalculated for this 
paper, using the above equations, and is shown in 
Fig. 1. The values'* used for y and ¢ are 0.2315 and 
1.340, respectively. The latter value is somewhat smaller 
than the value used by Schiff, the result of a simple 
correction of the effective range so as to take into 
account the ground-state D wave. This correction leads 
our SMG values to be slightly smaller than the values 
actually given by those authors. 

The experimental data are seen to differ from the 
SMG prediction in two ways. Not only is a very large 
and comparable to 6 over most of the energy range, 
rather than zero as SMG predicted, but 6 consistently 
lies below the SMG prediction. Interestingly, the two 


‘TN. Austern, Phys. Rev. 88, 1207 (1952). Some related calcu 
lations have been made by M. L. Rustgi and J. S. Levinger 
(private communication) 

18 These values have been taken over from the paper N. Austern, 
[ Phys. Rev. 92, 670 (1953) ]. Note that all lengths and reciprocal 
lengths will be given in units of 10™ cm or 10" cm™, these 
dimensions generally not being indicated explicitly 


sorts of deviation from the SMG prediction tend to 
cancel when the total cross section is computed, sug- 
gesting that they might both be produced by way of 
the interference terms, these not appearing in the total 
cross section. 


(b) Evaluation of L, 


A useful estimate of L, may be obtained by approxi- 
mations similar to those of the SMG theory. Thus in 
Eq. (7) the final wave already is assumed to be free. 
For the initial wave, W, the form to be used now will be 
W asymptotic Multiplied by a factor to cut off the function 
near r=0, 


W = (M/N)(1—e-*")*e- "(1+ (3/yr)+ (3/7) ]. (16) 


The parameters (M/N) and @ are so chosen as to give 
a good fit to the suitable one of the numerically calcu- 
lated functions of Feshbach and Schwinger’: 


(M/N)=0.0359, B=0.463. (17) 


By using these expressions for W, the integral of Eq. 
(7) is performed, and the result for Ly is plotted as 
Fig. 3. Also shown in Fig. 3 are Ly and the interesting 
ratio (L;/Ly). 

It should be noted that the values for Ly computed 
here probably are rather reliable. The integral which 
determines L, involves the function r°W 73(kr), and is 
not sensitive to the shape of W at small r. This is 
exhibited in the numerical work by a weak dependence 
of Ly upon the detailed form of the cutoff factor in W. 
Also the normalization factor, M, while coming from a 
calculation which gives the particular value of 2.7% D 
state in the deuteron,” is by no means as freely 
variable as is the percentage of D state. It is chosen to 
give the best normalization for W at large r, and is 
determined to about ten percent accuracy from the 
deuteron quadrupole moment.”' 

The ratio (L;/Ly) is as large as 0.23 even at an 
energy of 25 Mev and even though Ly expresses the 
transitions from the 2.7% deuteron D wave. In part, 
this should be understood to arise because it is the 
D-wave amplitude which determines L/L, rather than 
the D-wave probability, and in part because the off- 
diagonal matrix element of S;. which links *P, and *F, 
has the large value of 6!/5. 


”H. Feshbach and J. Schwinger, Phys. Rev. 84, 194 (1951). 
The same Feshbach, Schwinger case was used for this analysis as 
for the author’s 1952 paper (see reference 13). However Eq. (16) 
is a more accurate representation of the D wave than was con 
sidered necessary for the earlier paper. 

*” The connection between the percentage of D wave and the 
deuteron magnetic moment has been clarified by the discovery 
that the meson field is pseudoscalar. A recent analysis which 
makes use of this property is given by M. Sugawara, [ Phys. Rev. 
99, 1601 (1955); Arkiv. Fysik. 10, 113 (1955); Progr. Theoet. 
Phys. Japan 14, 535 (1955) ]. Sugawara finds the percentage of D 
wave to lie in the range (3+1)%. 

"See J. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952), pp. 105-108 
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III. DETERMINATION OF THE AMPLITUDES 


The amplitudes Ly in Eqs. (2) and (3) need not be 
interpreted as the integrals of Eqs. (4), (5), and (6). 
In general, they are the amplitudes with which the 
outgoing waves are generated by the photoeffect 
process, whatever it may be, with the expressions (4), 
(5), and (6) only being the consequences of the rigid- 
nucleon assumption, the reaction mechanism at low 
energy. At sufficiently high energies new sorts of virtual 
meson effects can be expected, the Siegert theorem no 
longer holding, and the Ly can differ rather significantly 
from the values of (4), (5), and (6). Nevertheless (2) 
and (3) correctly relate the cross section to the out- 
going-wave amplitudes, whatever may be the reaction 
mechanism. 

In the present section a phenomenological analysis 
of (2) and (3) will be conducted, so as to see from 
experiment what are the values of the Ly and how 
these do compare with (4), (5), and (6). On the whole 
the analysis procedure simply will be to conduct a 
numerical exploration of the possible sets of solutions 
of (2) and (3), given the measured values of the 
parameters a and b. Equations (2) and (3) have too 
many solutions, though, for such an exploration to be 
possible without some judgment in advance as to which 
solutions might be reasonable. Not only are the numer- 
ical values of the “known” quantities more or less 
unreliable, but the equations have multiple solutions, 
and there are only two equations for three unknowns. 
It, however, is fortunate that reasonable bases for 
selection among the solutions may be established. The 
following ones will be used: (1) theory suggests that 
only for the *P» wave is the Siegert theorem likely 
to break down to any important extent. For this reason 
the rigid nucleon predictions will be retained for L,; and 
Ly. (2) An analysis to be given below suggests that the 
most general rigid nucleon predictions for L; and Lz 
cannot be very different from the SMG predictions. 
Therefore, while L, and Ly» will be permitted large 
variations, these always will be within a factor of two 
about Lsma. On the basis of (1) and (2) the analysis 
can be carried through, and a value found for Lp. 

As important as the a priori judgments (1) and (2) 
are for the analysis, it also may be remarked here that 
it really is the large observed value for (a/b) which 
restricts the range of variation for Ly in this analysis, 
giving for Ly a surprisingly definite numerical value. 
In other circumstances (1) and (2) would not be 
sufficient to lead to any useful result. 

The argument that virtual-meson production only 
affects Ly has been given before.'"° Through E1 absorp- 
tion an S-wave charged pion is produced, neutral pions 
being very unlikely. Then in the intermediate state we 
state of relative 
motion having even parity, and J=0 or 1, or 2. The 
only two possibilities are ‘So and 'D», with angular 


have two identical nucleons in a 


momentum considerations favoring the former over the 
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latter. Reabsorption of the meson leads from 'So to 
the *Po final state. 


(a) Limits of Variation of L, and L, 


The *Py scattering phase shifts furnish a very helpful 
guide to the values of the amplitudes L; and Ll». The 
photodisintegration cross section is not very sensitive 
to the 6, as they explicitly appear in (2) and (3), 
inasmuch as they appear only in cosines and certainly 
do not become very big over the energy range of 
interest. The cosines then do not differ much from unity. 
This point will be considered again. Meanwhile, the 
more interesting question of the magnitudes of the Ly 
integrals may be related to the 6y. The 4, play a role 
in these integrals insofar as they fix the asymptotic 
forms of the functions vy, according to Eq. (11), so 
providing knowledge from experiment concerning the 
functions vy. Everywhere outside the region of strong 
nuclear force the vy have the form (11); certainly this 
form holds for r>2X10~-" cm, and very likely it is not 
yet grossly wrong for r=1X10~" cm. For still smaller 
values of r we only know that the nuclear force must 
be of such a nature that vy departs from the form (11) 
in such a way as to pass through zero at r=0, and that 
vy must be a reasonably smooth function. 

A pictorial and numerical study of the Ly may be 
based upon these ideas. Numerical values of the 6, 
may be found in the papers of Feshbach and Lomon’? 
and Gammel and Thaler.? Both analyses agree that 6, 
and 4 are small, of the order of or less than about 20° 
(in the paper of Gammel and Thaler) for center-of-mass 
energies less than 100 Mev. However Feshbach and 
Lomon find 69=—40°,"at a center-of-mass energy of 
65 Mev. The possible consequences of such a large 
value for 59 will be considered again later in this paper, 
and then will be seen not to be very important. Mean- 
while, the 6, and 6, phase-shift values may be summar 
ized as, probably small, less than or equal to 20°. 

In the following discussion the D-wave contributions 
to the Ly, at first, will be ignored. 

Figure 4(a) presents the information required for a 
graphical estimate of the influence of the forces on the 
integrands of the Ly. This figure shows the functions 
vy, plotted from the asymptotic formula (11), for a 
variety of possible phase shifts. Somewhere at small 
Eq. (11) becomes invalid, the vy becoming affected by 
the nuclear force. Presumably this happens for r<1 
X10°" cm. Also shown in Fig. 4(a) is the function 
(yrU), plotted on the assumption that UV has Hulthén 
form. Visual estimates of the contribution to Ly from 
a certain range of r may be made by estimating the 
average of the product of vy by (yrl/), over the range 
considered, and multiplying this by the value of the 
range of r. In making such estimates, it is necessary to 
bear in mind that however strange the nuclear force 
may be, the wave functions must vary smoothly and 


satisfy v,(0)=0. Then it is clear, for example, that the 
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hic. 4, (a) Graphs of the two factors of the integrands of (5) 
and (6). The asymptotic form of the factor vy(r) is shown for a 
variety of possible phase shifts. The factor (yrl/,) is shown for 
the circumstance that U/, has the Hulthén form, (b) Comparison 
of the shapes of the functions (yrl/,) and (yrW,). The functions 
U, and 5.56W, reach their maxima at about the same value of r, 
and have the same value there. These particular wave functions 
are taken from the paper of Feshbach and Schwinger 


contribution to Ly from the region r<1 tends to have 


the same sign as 6y. Only with difficulty could the 
magnitude of the contribution be as large as 0.1107" 


L(>b) vs 8 
65 MEV 





Fic. 5. The integral L(> 6), of (18), as a function of 4, 
for severa] values of b 


cm, and its actual order of magnitude probably lies in 
the range (0.01—0.03) K10~" cm. 

In conjunction with Fig. 4(a), which aids the discus- 
sion at small r, it is necessary to evaluate analytically 
the contributions to the L, from large r. These contri- 
butions are the functions 


of 


Ly(>b) ={ (yr )vsdr, 


b 


(18) 


with U the Hulthén function, and vy having its asymp- 
totic form. Figure 5 is a graph of Ly(>b) vs 6,, for 
several values of b. Only the values b=1 need be 
considered. It will be observed that the values of 
Ly(>1) are of the order of 0.1 or 0.2X10~-" cm, 
certainly much larger than the contribution from the 
interval r<1. Furthermore, the contributions from 
r<1 tend to have the same sign as 6y, so augment 
Ly(>1) where it is small, and reduce it where it is large. 

Apparently it follows as a fairly reliable consequence 
of the rigid-nucleon assumption that the following 
qualitative observations are true, that ZL, and L» 
certainly are positive and roughly equal to Ly, and 
that L,=Z». In the further work the latter equality 
will be taken to hold within a factor of two. 

The D-wave contributions to the Ly are not suffici- 
ently large to change these qualitative conclusions. 
Equations (4), (5), and (6) show that the D-wave 
influence is largest in Ly, which will be determined from 
experiment, and only appears in ZL, and L» with the 
quite small coefficients 0.7 and 0.14. If W and U are 
presumed to have the same shape, then (W/U)=0.2, 
and the D-wave relative contributions to L,; and Ly» are 
0.14 and 0.03, well within our range of uncertainty. 
Actually W is slightly more sharply peaked than U, 
as may be seen in Fig. 4(b), so its contribution is a 
little bigger than these estimates. Detailed calculation 
shows that the change is not significant. In support of 
this conclusion it may be that the D-wave 
contribution to the L, was found to be small even in 
a calculation in which its effects were deliberately 


noted 


exaggerated.”* 
(b) Solution of Equations 


Now the knowledge that 1; and Ly lie close to Lgma, 
and within a factor of two of each other, will be used 
to solve (2) and (3). 

It is convenient to replace the experimental quantities 
a and 6 in (2) and (3) by the equivalent quantities 


a=9a/B(k), B=6b/B(k). (19) 


Table I gives values of a and # at several interesting 
energies. Then the total cross section is proportional 
to (a+), and 

a+ B Le 3L/+4 5L* + (15, 2)L/, 


# Y, Yamaguchij and Y. Yamaguchi, Phys. Rev. 98, 69 (1955). 


(20) 
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TABLE I. Summary of experimental data. 
The parameters a and 8 of Eq. (19) 


hw (in Mev a 


Qle 


25 0.636 
40 0.529 
65 0.404 
90 0.297 


CoC = w 
= 


mn 


Nm Oo 
nNonNuns 


— Sd mee 


no interference terms appearing in the total cross 
section. Equation (20) will be solved simultaneously 
with (2), of which the working form is 


a Le’ 3LoLy cosdo4 (9 4)L? 
62) + (9/2)L/ 
(21) 


21 ole cos (bo 5») 
+ (13/4) Le? — (9/2) L, Le cos(6,- 
+ (9/2) LiL, cosb\— (3/2) Lol; cosds. 


It clearly is impossible for Ly to dominate in (a+ 8), 
for if L,; and Ly are not much smaller than Lgme they 
must in themselves already contribute a large part of 
(a+). The L/ term takes up part of whatever slack 
might be left over for Ly’. A useful first approximation 
to (20) then is obtained by omitting Lo entirely: 


3LY+5L7=atB— (15/2) L/. (22) 


Equations (20) and (21) may be solved for Ly by 
successive approximations, using (22) as the first step. 
It will be seen later that the result of the first step is, 
on the whole, sufficiently accurate to be taken as final. 
Several values of the ratio 


x Ly Le 


will be considered, the solution being carried through 
completely for each such value. In terms of the new 
symbol x, Eq. (22) may be solved for Le, giving 


A?=[a+pB—(15/2)L/ ]/(54+32°), (23) 


the symbol A also being introduced to denote the first 
approximation to Ly. In (23) the positive square root 
must be taken, as already was decided in III (a). 
Using (23), the solution of (21) is 
Lo A COS6 99 + aL; COS65 
{a— (9/4) | Ly+axAe* 
(9/4 L/ (A 
. 3A L (Cosby 


Ae‘®2 2 
( 08"69) A*(1 i. 08762) 


COS5y COSSy2) J}, (24) 


where 692=69—6». Here the negative square root is 
taken. This choice is required for the reason previously 
mentioned, that in the medium-energy region the total 
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cross section is very little different from the SMG 
value, so that Zo several times greater than [sma 


cannot be tolerated. (Furthermore the Zachariasen 


analysis® also already suggests that the meson contri 
bution to Lo is negative, leading Lo < 
result.) That (24) actually will give Lo< 
the medium energy range is a consequence of the 
appearance of a in the square root, dominating over the 


A to be an expected 
0) over much of 


other terms. 

Table II shows the solutions of (24) and (25), for the 
circumstance that all the phase shifts are zero. The 
most striking facts to be observed in this table, from a 
physical point of view, are that Lo changes sign near 
40 Mev, becoming strongly negative towards the higher 
energies, that Ly does not change rapidly as a function 
of x, particularly at the higher energies, and that for 
x=1 we do have A not much different from Lema, 
although consistently larger. ‘The slow variation of Lo 
with x must be attributed mostly, we may note again, 
to the large value of a in (24), with the presence of Ly 
in (24) also somewhat damping the dependence of Lo 
upon x. The values of Ly and A will be discussed at 
length in the next section 

From a mathematical point of view, Table IL 1s 
interesting insofar as it gives an a posteriori justification 
for several steps of the calculations. First, we note that 
choosing the positive sign for the square root in (24) 
indeed would give a very large positive value for Lo, 
essentially just \/a. For this circumstance (20) shows 
that at the higher energies the *P?, and *P?, waves would 
receive only about 4 of the photodisintegration total 
cross section, violating the assumption that L, and Ly 
obey the rigid-nucleon theory. Second, upon inserting 
the numbers of ‘Table II into (24) it is seen that the 
dependence of Ly upon the phases is sufficiently weak 
so that no set of phase shifts which is at all reasonable 
could modify the qualitative conclusions about Lo, 
with the quantitative value of /» also varying slowly 
with the phases. Thus Table II is a good representation 
of the physical circumstances, even though the finer 
details remain unknown. The values of A are particu 
larly insensitive to the phases, as A does not depend 
much upon Lo. Third, a test of the approximation Ly= A 
is indicated in ‘Table II, in the form of the values of A’, 
the second approximation to Ly. This A’ is computed 
by again solving (20) for Lo, now having substituted 
for Lo the approximate value just found. Within the 
accuracy of interest the values of Lo certainly would 
not be changed if A’ instead of A then were used in 


TABLE IT. Solutions of Eq. (24). At 25 Mev the value of Ly becomes complex when x= 2 


Aw (in Mev) A ! A 


25 0.843 
40 0.515 
65 0.331 
oO 0.261 


0.715 
0.437 
0.281 
0.220 


xro@l 

Le 4 A 
0.490 
0.299 
0.193 
0.152 


0.172 
0.064 
0.180 
0.174 


0.034 
0.261 
0.256 


0.299 
0.182 
0.158 
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(24). However A’ also is of some interest in itself, as a 
very close approximation to the exact solution for Lo, 
and will be discussed as such in the next section. 

Some numbers which test the dependence of Lo upon 
the phase shifts may be mentioned at this point, even 
though the form in which (24) is arranged already 
clearly exhibits this dependence. The calculations at 
) Mev were repeated using in (24) the Gammel-Thaler 
phases, 59=0.09°, 6;= —19.8°, 6.=15.0°. With these 
phases the values of 1» corresponding to x=}, 1, 2 are 
found to be —0.126, —0.130, —0.084. These results do 
support the general remarks made earlier about the 
dependence of Ly upon the 6,7, inasmuch as the qualita- 
tive result that Ly is negative has remained unchanged. 
Explicit calculations with the Gammel-Thaler poten- 
tials also support the general remarks about the rigid- 
nucleon predictions for L; and Ly 


IV. CONCLUSIONS 


The large isotropic term in the medium-energy 
photodisintegration was seen in Sec. III to be the result 
of a modification of the *P»9 amplitude, apparently of 
the sort discussed by Wilson, namely, the virtual 
production and reabsorption of a pion in a fashion 
which violates the low-energy Siegert theorem. In 
magnitude the meson contribution probably is best 
measured by the difference (1»o—A‘), taken for the case 
r=1 (see Table II), and giving at the energies 25, 40, 
65, 90 Mev, respectively, the values —0.542, —0.501, 

0.451, —0.386. Within the accuracy of the present 
work values that (Ly—A’) may be 
regarded as constant. 

Comparison with the Wilson prediction is achieved 
by considering the curve marked “S” in Fig. 2 of his 
paper. Of course, his “S”’ curve is somewhat wrong, 
for the make an additive 
contribution to the total cross section but rather to the 
amplitude Ly. This error does not invalidate Wilson’s 
results in the high-energy region, which he principally 
considered, but does require that his “.S”’ curve be 
reinterpreted for the medium-energy region. The correct 


these indicate 


meson proc ess does not 


interpretation is 
ous = (4/9) B(R) (Lo A’)?. 


Numerical calculation then gives for the Wilson pre- 
diction of (Lo—A’) the values —0.359, —0.377, —0.385, 
at the energies 25, 65, 90 Mev. The agreement with 
the phenomenological results is very suggestive of the 
correctness of the Wilson idea, although further investi- 
gation really is required. 

The origin of the isotropic term now may be sum- 
marized, In the high-energy range, although for energies 
below where the isobar dominates, the *?» amplitude 
is very much enhanced by a meson-reabsorption 
process. Its quadratic contribution in the cross section 
is large and isotropic and is responsible for a major 
part of the total cross section, as suggested by Wilson. 
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Towards lower energies the quadratic contribution of 
the *P, amplitude becomes much less important, the 
new process and the rigid-nucleon process being of 
opposite sign. Nevertheless the isotropic part of the 
cross section remains large, for the *P» amplitude is 
substantially altered and interferes with the other 
waves in such a way as to produce an isotropic cross 
section. This effect persists to extremely low energies. 

It would be very interesting to measure the mesic 
modification of Ly at much lower energies than those 
considered here, so as to see just how Lo goes over to 
the rigid-nucleon prediction. The ratio (a,/b) does 
become smaller at low energy (a, is the electric dipole 
part of a), but ZL; and Ly, become easier to predict. 
With very accurate data, a useful analysis may be 
possible. 

A possible alternative explanation of the negative 
values of Lo may be mentioned at this point. We note 
that the D-wave term in (4) is much larger than that 
in (5) and (6), and is negative. Furthermore W is 
rather more sharply peaked than is U [see Fig. 4(b) ], 
and rather strange forms occasionally have been con- 
sidered for v. So perhaps the Lo effect is entirely a 
non-central force effect, and no new process is required 
to explain it. Numerical examination shows this expla- 
nation to be unlikely,f even when the large Feshbach- 
Lomon values for 59 are considered. The departure from 


rigid-nucleon values simply is too great to be explained 
only with the aid of the forces. Of course, the negative 
D-wave contribution in (4) is present, and must help 
in driving Lo negative. At 65 Mev its magnitude is 
about 0.06, and just happens to equal the difference 
between the Wilson value for (Z)>—A’) and the phe- 
nomenological value. 


The total cross section tends to be reduced by the Lo 
effect, in the medium-energy region. Nevertheless, 


t Note added in proof.—A recent investigation by Signell, 
Marshak, and Bilhorn suggests that this explanation of the photo 
effect data nevertheless may be the correct one. Preliminary re- 
sults of a calculation based upon the potential with which they 
fitted the high-energy nucleon-nucleon scattering [P. S. Signell 
and R. E. Marshak, Phys. Rev. 106, 832 (1957) ], and using the 
“rigid-nucleon” theory, show excellent agreement with the 75-Mev 
photoeffect data. At this energy the combination of circumstances 
x= 2.1, 59= 11°, 5:= —19°, 5.=11° gives for Ly the value —0.01, 
essentially zero. The Signell-Marshak work not only produces the 
numbers just cited for x and the 6,, but, with 8% deuteron D 
state, also gives both the low value required for Lo, and the large 
value required for L; in order to fit the total cross section. It 
should be noted that these results are achieved by means of a very 
large D state contribution,™ and, even then, only with extreme 
values of all the other adjustable parameters we have been con- 
sidering. That the Signell-Marshak approach leads very naturally 
to what seems such an unlikely set of circumstances should be 
interpreted as evidence in favor of their theory. 

Actually, it is the large percentage D state which leads to the 
principal differences between the Signell-Marshak calculation and 
the one mentioned in the last paragraph of Section III, based 
upon the Gammel-Thaler potential. It may be that the exchange 
current implications of the (L-S) nuclear interaction will make it 
possible to reconcile 8% D state with the known facts about the 
deuteron magnetic moment.” 

I am grateful to R. E. Marshak for many conversations con- 
cerning his work. 
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experiment shows that the total cross section at, say 
100 Mev, is slightly more than twice the SMG value. 
Part of the difference is made up by the F-wave 
transition, previously neglected. At 100 Mev the F-wave 
contribution in the total cross section is about 7.5 
microbarns. Most of the difference, however, must be 
found in the numerical values of 1; and Ls. 

Our most reasonable phenomenological determination 
of L, and L is the quantity A’ of Table II, for the case 
x=1. In Table III this A’ is compared with Ly, the 
value of Lgsma when a Hulthén form is used for the 
ground-state S function, and also with Lrp, the value 
of Lsmoe when a 0.6%10~" cm hard core is used in the 
ground state.'’ It is seen that A’ is consistently larger 
that Ly, with the discrepancy being reduced but not 
eliminated by the use of the hard core. These observa- 
tions may be taken as some rather weak evidence to 
support the belief that there is a repulsive core in the 
ground-state interaction. The remaining difference be- 
tween A’ and Lpp either may be regarded as not 
significant, or as suggesting a larger core radius,'’ or 
may be removed by suitable adjustment of the phase 
shifts. A large value for |69|, in particular tends to 
increase || and to reduce A’. Questions of this kind 
are best deferred until definite experimental values of 
the *P, phase shifts have been obtained. 

Actually, of course, even the phenomenological sepa- 
ration of Lo from the other amplitudes has not been 
accomplished in this paper in any final sort of way. 
Not only are the experiments no more accurate than 
about ten percent but they provide fewer equations 
than we have unknowns. Unfortunately a polarization 
measurement would be required in order to get any 
further data which bear on the Ly. Such a polarization 
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TABLE III. Comparison of A’ with rigid-nucleon theory. Ly is 
the value of Lgwq when a Hulthén form is used for the ground 
state wave function; Lrp is the value of Lgmcq when a 0.6K 107% 
cm hard core is used in the ground state 


Aw (in Mev) A’ Lu Lap 


0.6080 
0.428 
0.247 
0.161 


25 0.652 
40 0.396 
65 0.221 
90 0.143 


experiment would be difficult to perform, being intlu 
enced by interferences with a number of other processes, 
such as M1 disintegration, which do not disturb the 
angular distribution. It is possible that the experiment 
can be arranged to distinguish among the various 
processes. An analysis of this experiment is being 
conducted by Sawicki and Czyz.” 

It is interesting that internal consistency in this 
analysis could not be achieved if the */*, amplitude were 
omitted. Without this amplitude, A’ would be found 
larger yet and Lo still would be found negative at the 
low energy of 25 Mev 
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Lifetimes of the 6.91- and 7.12-Mev Excited States of O'° {* 


C. P. SWANN AND F. R. METZGER 
Bartol Research Foundation of The Franklin Institute, Swarthmore, Pennsylvania 
(Received July 24, 1957) 


The mean lives of the 6.91- and 7.12-Mev excited states of O have been measured through a nuclear 
resonance scattering experiment. The I(p,a)O!* reaction was used as the source of Doppler-broadened 
gamma radiation, The relative intensities of the 6.91- and 7.12-Mev gamma-ray lines in this source were 
determined by observations of the associated alpha particles. From the magnitude of the resonance 
fluorescence effect and the angular distribution, mean lives of (1.2+0.3)10™ second for the 6.91-Mev 
level and (1,040.3) K10™ second for the 7.12-Mev level were calculated. 


I, INTRODUCTION The principal difficulty connected with the use of 
charged-particle reactions lies in the fact that the 
Doppler broadening is much larger than would be 
necessary for the compensation of the recoil energy 
losses. This disadvantage is, however, offset by two 
factors. First, for the light nuclei and the relatively 
high gamma-ray energies encountered, the contributions 
from the elastic scattering processes are rather small. 
Second, the room background becomes rapidly smaller 
as one goes to higher gamma-ray energies. On the other 
hand, the background from the machine producing 
the reaction can be very serious. 

The Doppler shifts of the 6.91- and 7.12-Mev 
gamma rays of O'® have been studied‘ under different 


HE knowledge of the radiation widths of nuclear 
energy levels will grow in importance as the 
nuclear models become more refined and as more 
sensitive tests of their predictions are required. For 
the determination of lifetimes which are too short to 
be measured by direct methods, the study of nuclear 
resonance fluorescence! has proven to be of considerable 
value. So far however, this method has been restricted, 
with one exception,’ to the use of radioactive isotopes 
as the sources of the exciting gamma radiation. 
In the light nuclei, for which there is some hope for 
theoretical predictions of radiation widths, radioactive 


sources are, in general, too short-lived or otherwise : Disp : 
Qn Slowing-down conditions. It was found in these studies 


not suitable for resonance fluorescence studies. 
that the Doppler shifts of the two gamma lines could 


not be reduced by any stopping material, and it was 
concluded that the mean lives of the 6.91- and 7.12-Mev 
levels are shorter than ~2.5X10~" second and ~1.1 
10-™ second, respectively. These short upper limits 
and the persistence of the Doppler effect in any solid 
target made it appear feasible to observe nuclear 


the other hand, powerful sources of gamma radiation 
are available in the form of charged-particle reactions 
which leave the final nuclei in excited states. If these 
states are long-lived, the excited nuclei will emit the 
gamma radiation after they have come to rest in the 
target material. The gamma rays will, therefore, be 


sharp, i.e., not Doppler-broadened, and will not be 
resonance fluorescence in O', 


The reaction F!(p,a)O'* was used as the strong 
source of 6.91- and 7.12-Mev gamma rays. The simul 
taneous presence of both transitions, and the inability 


able to cause resonance fluorescence in the element 
of the residual nuclei because of the recoil energy losses 
suffered in the emission and absorption processes.* 
In order for a reaction to be useful for resonance ‘eure 
fluorescence studies, the lifetime of the gamma-emitting f the scintillation spectrometer to separate the peapot 
tive contributions, introduced an additional complica- 
tion. In the final experiments, the relative intensities 
of the two transitions in the incident beam were 


state has to be shorter than the slowing-down time of 
the excited nucleus in the target material. For solid 
targets this limits one to 7, 33X10~-" second, i.e., 


to just that region of lifetimes which is difficult to determined by observations of the associated alpha 


reach with other methods. If one is interested in a Patticles with a particle spectrometer. The contributions 
to the resonance effect were resolved by an analysis of 
the angular distribution of the scattered radiation. 
The mean lives deduced from these experiments were 
confirmed by self-absorption studies. 


longer lifetime, there exists the possibility of using a 
gaseous target. The ultimate limitation will then be 
set by the smallness of the cross section and the level 
of background radiation 

t Based in part on a dissertation by C. P. Swann, submitted Il. GENERAL CONSIDERATIONS 


to Temple University in partial fulfillment for the Ph. D. degree 


in physics — e.rayw emieei ‘ attering 
* Assisted by the joint program of the Office of Naval Research In both the gamma Sa and scattering 


and the U. S. Atomic Energy Commission. processes, energy is lost to the recoiling nuclei. For a 
¥ ‘?, ” —— a jo Ae ; or rig *" 1951); gamma ray of energy E,, the total loss amounts to E,? 

G. Malmfors, Arkiv Fysik 6, 49 (1952); F. R. Metzger, a é Nl ‘ie ee 
Phys. Rev, 101, 286 (1955), and 103, 983 (1956) Mc*, where M is the mass of the recoiling nuclei. 


* EK. Hayward and E. G. Fuller, Phys. Rev. 106, 991 (1957) 
‘For a discussion see,,for example, E. Pollard and D. E * Devons, Manning, and Bunbury, Proc. Phys. Soc. (London) 
Alburger, Phys. Rev. 74, 926 (1948) A68, 18 (1955), and A69, 173 (1956) 
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6.91- AND 7.12-MEV\ 
Specifically, for a 7-Mev gamma ray in oxygen, this 
loss is 3.3 kev. Since the level widths are only fractions 
of an electron volt, the incident radiation would be 
completely off resonance if it were not for the compensa 
tion by the Doppler effect. 

In the F(p,av)O'™* reaction the incoming proton 
causes a shift of the lines which, for a bombarding 
energy of 2.4 Mev, amounts to about 25 kev for gamma 
rays observed in the forward direction. The alpha- 
particle recoil is responsible for the broadening of the 
line. For a bombarding energy of 2.4 Mev, both lines 
are broadened to full widths of ~130 kev. Compared 
with these widths, the shifts of 25 kev are small. 
The 6.91- and 7.12-Mev lines from the F'"(p,a) reaction 
will, therefore, overlap the regions of the absorption 
lines independent of the angle of observation. Figure 1 
represents the incident spectrum for a thick target 
bombarded with 2.9-Mev protons, calculated for an 
angle of 25 degrees with the beam direction. The 
rounding-off of the edges due to the spread in proton 
energies is neglected, and it is assumed that the super 
position of the contributions from many resonances 
results in a constant intensity over the width of the 
lines. 

If only a single level were involved in the resonance 
fluorescence experiments, a measurement of the 
differential cross section at one angle could be combined 
with the angular distribution to yield the total cross 
section and from this the mean life. As mentioned 
previously, the study of 0'® involves two gamma rays 
which cannot be resolved with a scintillation spectrom 
eter. Fortunately, the spins of the excited states are 
known to be 2 for the 6.91-Mev state and 1 for the 
7.12-Mev state. Since the ground state spin of O'* is 0, 
both gamma-ray transitions are pure, and consequently 
the individual angular distributions are known. 

It should be mentioned that the mean life of the 
6.14-Mev state in ©O'* is so long* that its resonance 
contribution is negligible. Branching from the 6.91 
and 7.12-Mev states has not been observed® and is 
definitely too small to affect the results. Feeding of the 
two states of interest from the 8.87-Mev level would 
affect the shape of the incident spectrum if it took 


place with considerable intensity. At the bombarding 


energy used, the population of this level is expected to 
be small; moreover, the main decay goes to the 6.14 
Mev state.® 


For a single level which decays only by direct 


gamma-ray emission to the ground state, the cross 


section for resonance fluorescence for gamma rays of 


energy FE has the form 


where ao= 4m\?(2Jo+1)/2(2/,4+1) is the cross section 
51). H. Wilkinson and G. A. Jones, Phil. Mag. 44, 542 (1953 
® Wilkinson, Toppel, and Alburger, Phys. Rev. 101, 673 (1956) 
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hic, 1, Idealized gamma-ray spectrum near 7 Mev, expected 
from a thick CaF, crystal bombarded with 2.9-Mev protons 
V(E) is the number of gamma rays per unit energy interval 
The positions of the absorption lines of O'° are indicated by the 
vertical dot-dash lines 


at exact resonance, Jz, and J; are the total angular 
momenta of the excited state and the ground state, 
respectively, /, is the resonance energy, A the corre 
sponding wavelength divided by 27, and I’ the natural 
width of the level. The factor of two in the denominator 
of the expression for ao is the multiplicity caused by 
the two possible independent polarizations.’ 

l’or a thin scatterer, the number of resonant-scattered 
quanta can be calculated by integrating the product of 
Eq. (1) and the incident spectrum over the energy. 
For the practical case of a thick scatterer, however, 
the thermal motion of the absorbing nuclei has to be 
taken into account, and the general expression for the 
effective cross section becomes rather involved.* This 
may be simplified when the natural width I’ is small 
compared with the Doppler width A= (/¢/c)(2kT/M)! 
For most of the gamma-ray transitions encountered so 
far and, as we shall see, also for the two transitions in 
Q's fulfilled. The 
section then has the pure “Doppler form’’: 


(Ek 


this condition is effective cross 


op=K exp{ E,)/O P}, 
where 
K oof wT 2A }- (43) 
The number of gamma rays scattered at a depth X 
out of an element dX by resonance fluorescence j 


s 


S(X)dX = nd X [ opl(h)N(E)n (EX) 


Xexpl—nXop(h) \dk, (4) 


where \(/:)dé: is the number of incident gamma rays 
(at X 


nuclei per cm’ of the isotope under study, and », 


exp! 


Q)) in the energy interval di, n the number of 


Yn,oX) the electronic attenuation. Expanding 


1H. A Phys. Rev. 51, 450 (1937 
Appendix 


*H.A 


Bethe and G. Placzek 


Revs. Modern Phys. 9, 71 (1937), Sec. 61 


Bethe ’ 
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the exponential in (4) and making use of the slow 
variation with E of N(£) and 9,(£,X), the integration 
over FE. can be carried out and one obtains 


S(X)dX =naohxV N(E,)n(Er,X) 


«» (—1)™(nKX)™ 
x( tL ax. (5) 
m~1 


The series in the bracket represents the effect of 
selective absorption within the scatterer. 

In order to obtain the number of quanta scattered 
from an actual scatterer into a detector, a numerical 
integration over the scatterer has to be carried out 
taking into account the fact that the scattered radiation 
will undergo additional electronic absorption, but will 
not be resonance-scattered again because it is now off 


m'\(m-+-1)! 


resonance. 
If the incident spectrum, i.e., the value of N(£,), 


is not known, the lifetime may be determined by a 
self-absorption experiment. In such an experiment, an 
absorber of the same material as the scatterer is placed 
between the source and the scatterer, and the reduction 
of the resonance fluorescence effect is observed. In 
terms of Eq. (5), the new counting rate corresponds 
to S(X+D), where D is the thickness of the absorber. 
After correcting for the change in the electronic absorp- 
tion, the ratio R=LS(X)—S(X+D) ]|/S(X) contains 
only the bracket terms. For nKX«nKD<1, the 
expression for R can be simplified to R=nKD/v2. 
Inserting the value (3) for K, one finally has 


nooDT /r\? 
; : ( ) ; (60) 
2A 2 


This means that I’ is obtained by a very simple measure- 
ment of two counting rates. 

The only difficulty limiting the accuracy of widths 
determined by a self-absorption experiment stems from 
the uncertainty of the value chosen for the Doppler 
width A. The expression given for 4 assumes that the 
nuclei in the absorber and scatterer exhibit a velocity 
distribution identical with that of a gas at room 
temperature. Lamb’ has shown that the binding in the 
solid can be taken into account approximately by 
assuming for the nuclei a Maxwellian velocity distribu- 
tion not at room temperature, but at a temperature 
corresponding to the average energy per degree of 
freedom in the solid. For substances with low Debye 


temperature the correction is quite small; for “hard” 
substances like diamond, however, it becomes appre- 
ciable. In general the uncertainty introduced by these 
corrections will be smaller than twenty percent, ie., 
they will not affect the usefulness of the lifetime data 


for the test of the nuclear models used today. 


*W. E. Lamb, Phys. Rev. 55, 190 (1939). 
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Ill. EXPERIMENTAL PROCEDURE 
A. Incident Spectrum 


A study” of the excitation curve for the F(p,a)O'™* 
reaction indicated a large yield of high-energy gamma 
rays for proton energies between two and three Mev. 
No attempt was made in that study to resolve the 
gamma rays. Consequently, this excitation curve 
includes the 6.14-, 6.91-, and 7.12-Mev transitions. 
lor the present work the 6.14-Mev radiation was only 
of interest insofar as a strong 6.14-Mev group could 
cause excessive counting rates in the low-energy region 
through Compton scattering and could affect the 
direct-beam measurement of the (6.91+7.12)-Mev 
source strength. 

In order to obtain a rough estimate of the importance 
of the 6.14-Mev transition, a CaF, target, ~100 kev 
thick for 3-Mev protons, was bombarded with the 
proton beam of the Bartol-ONR generator, and the 
pulse-height distribution of the gamma rays was 
measured with a scintillation spectrometer. It was 
found that between two and three Mev only a small 
percentage of the gamma-ray yield could be attributed 
to the 6.14-Mev transition. 

As mentioned earlier the resolution of the scintillation 
spectrometer was not sufficient to tell anything about 
the relative amounts of 6.91- and 7.12-Mev radiation. 
Since this information was essential for the final 
analysis, a study was made of the intensities of the 
associated alpha particles. 

The alpha-particle work was carried out with a 
16-inch point-focusing magnetic spectrometer. A 
Cal’, target, about 15 kev thick for 3-Mev protons, 
was prepared by evaporation onto a gold leaf backing. 
Observations were made for a laboratory angle of 
91.4° at 50-kev steps over the region from 1.9- to 2.85- 
Mev proton energy. The results for the two alpha 
groups are summarized in Fig. 2. If one adds the 
two individual excitation curves of Fig. 2, a distribution 
is obtained which looks very similar to the gamma-ray 
yield curve measured in the forward direction by 
Willard and collaborators.” The similarity of the two 
curves gives one some confidence that, although the 
alpha groups were only measured at one specific 
angle, their ratio is representative for the total yields of 
6.91- and 7.12-Mev transitions. 

Since the Doppler broadening depends on the 
proton energy, the weighted average bombarding 
energy was calculated from Fig. 2 for each alpha group. 
Neglecting the small contribution at bombarding 
energies below 1.9 Mev, the average effective proton 
energies for a bombarding energy of 2.9 Mev and an 
infinitely thick CaF, target were calculated as 2.40 
Mev for the 6.91-Mev group and 2.31 Mev for the 


” Willard, Bair, Kington, Hahn, Snyder, and Green, Phys. Rev. 


- 85, 849 (1952). 


"Van Patter, Swann, Porter, and Mandeville, Phys. Rev. 
103, 656 (1956). 
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Fic. 2, Excitation curves of the alpha particles associated with 
the 6.91- and 7.12-Mev gamma rays of O* for a laboratory angle 
of 91.4°, A CaF, target, about 15 kev thick for 3-Mev protons, 
was used 


7.12-Mev group. The relative intensity of the 7.12- 
and 6.91-Mev gamma was found from 
alpha-group measurements to be 1.19. The average 
width of the 6.91-Mev gamma line is 134 kev, and that 
for the 7.12-Mev line 132 kev. 


rays these 


Q B. Neutron Background 


From previous work it was known that for proton 
energies greater than 1.5 Mev there existed a moderate 
neutron background originating within the vacuum 
system of the Van de Graaff generator. With a Nal (TI) 
crystal as the detector of the gamma radiation, these 
neutrons would contribute to the counting rate in 
two ways. First, the neutrons would be captured in 
the crystal and in the surrounding materials resulting 
in high-energy capture gamma rays. Second, neutrons 
captured by the iodine nuclei of the crystal would 
produce I'*8 which decays by beta emission. The half-life 
of [8 is about 25 minutes and the beta spectrum has 
an end point of 2.02 Mev. The first of these effects would 
give rise to a background at the energy of the resonance 
fluorescence radiation. The second effect would con 
tribute to the total counting rate of the detector. 

Initially, therefore, studies were made to determine 
the various sources of neutrons within the beam tube 
from the entrance slits of the analyzing magnet to the 
target. As a result of this survey, this whole section 
was lined or baffled with tantalum. 

Of course, it is also essential that the target be 
selected with care to be sure that there are no materials 
present with low (p,m) thresholds. Ca is composed of 
several isotopes two of which, Ca*® and Ca‘**, have 
(p,n) thresholds below 2 Mev. However, the abundances 
o 0.185%, 


Yo and 
respectively. The resonance experiments showed later 


of these isotopes are only 0.003. 


that the effect of neutrons, presumably from these 
rare isotopes, still was appreciable. 
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Fic. 3. Geometrical arrangement for scattering and _ self 


absorption experiments. The relative positions of the target, 
scatterer, and detector correspond to a mean scattering angle of 


120 
C. Scattering Experiment 


The ring geometry shown in lig. 3 was used. Since 
the presence of the scatterer gives rise to effects other 
than resonance fluorescence, a comparison scatterer 
number and 
density as well as possible to the main scatterer, but 


was used which was matched in atomic 


which did not contain any oxygen. The effects other 
(1) 
elastic scattering processes in the scatterer and sur 


than resonance fluorescence are nonresonant 
rounding materials, (2) resonance fluorescence in the 
oxygen of the air, walls, floor, and ceiling, (3) neutron 
capture in the scatterer, and (4) background shielding 
by the scatterer. Water was ultimately chosen as the 
principal scatterer while benzene served as the compari 
son scatterer. 

lor all the angles greater than 105°, the scatterer 
shown in Fig. 3 was used. This scatterer had an inside 
radius of 4.3 in., an outside radius of 7.5 in., and was 
2.0 in. thick. The scatterer used for the 90° and 105° 
points had an inside radius of 4.5 in., outside 


radius of 6.5 in., and was 3.1 in. thick. The different 


an 


scattering angles were realized by changing the positions 
of the scatterer and detector relative to the target 

In order to obtain reasonable counting rates, total 
source strengths of the order of 10° gamma rays per 
second were necessary. With such source strengths the 
direct beam had to be attenuated by the shielding 
material between target and detector by a factor of 
at least 10°. This was accomplished (see Fig. 3) by 
using a gold cone and a heavy metal cylinder, the 
total length of the attenuator being 6.4 in. In order to 
prevent pile-up caused by the Compton scattered 
radiation and the annihilation radiation, a lead shield 
of }-in. thickness was placed around the detector. 

The target used for the gamma-ray source consisted 
of a CaF’, crystal, ;'¢ in. thick, which was covered with 
a 4-mil tantalum foil. This foil served to contain the 
Cal’, which evaporated under the bombardment with 


a 2 to 5 wa proton beam. The actual proton energy 
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incident on the crystal after passing through the foil 
was 2.9 Mev. The yield from the target was monitored 
by a second sodium iodide detector located about 
10 ft from the target and at about 135° to the beam. 
The pulse-height distribution of the 
radiation was studied with a twenty-channel analyzer 
in the 90° geometry. Runs were taken with the water 
scatterer, with the with 


scatterer, ‘To eliminate possible time variations, these 


scattered 


benzene scatterer, and no 
three conditions were changed every 10 to 12 min, 
and the order was changed after each set. Periodically 
the calibration of both spectrometers was checked with 
a Cs'* source. The pulse-height distributions observed 
with the different scatterers are shown in Fig. 4. 
The difference between the benzene and the no-scatterer 
distributions is attributed principally to the neutron 
background. Contributions by the elastic scattering 
processes are only a small part of the difference. The 
average counting rate with no scatterer was about 100 
counts per minute for the whole twenty channels, 
and this is a factor of more than twenty above the 
cosmic-ray background 

Taking the difference of the counting rates with the 
water scatterer and of those with the benzene scatterer, 
one obtains the solid curve of Fig. 5. This distribution 
is attributed to resonance fluorescence from the 6.91 
and 7.12-Mev levels of O'* Indicated by the dashed 
curve is the direct-beam pulse-height distribution. 
Ihe difference between the two curves at the lower 
pulse heights indicates the presence of approximately 
seven percent of 6.14-Mev gamma rays in the direct 


beam 
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Pulse-height distributions of the radiation detected 
with water scatterer, benzene 


hic. 4 
at a mean scattering angle of 90 
scatterer, and no scatterer. The difference between the water and 
benzene scatterers is attributed to resonance fluorescence in O"*, 
and is shown in Fig. 5. A pulse height of 38 v corresponds to an 
energy of 6 Mev 
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The angular distribution was measured using a 
single-channel analyzer. The set 
accept pulse heights corresponding to energies ranging 
from 6 to 6.6 Mev. In these measurements only the 
water and benzene scatterers were compared. The 
scatterers were exchanged about every 15 min and 
the calibration of the scintillation spectrometers was 
checked about every 30 min. At the end of the angular 
distribution experiments, a direct-beam measurement 
was performed by reducing the beam intensity, rotating’ 
the attenuator-detector assembly by 90° and moving 
the whole assembly away from the target until the 
counting rate was reasonable. 

Finally, the change, as a function of the angle of 
incidence, in the absorption of the lead surrounding 


channel was to 
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Fic. 5. Resonance fluorescence in O'*, The solid curve shows the 
pulse-height distribution obtained as the difference between the 
water and benzene scatterers of Fig. 4. The distribution for the 
direct beam is given by the dashed curve which clearly indicates 
the presence of 6.14-Mev gamma radiation in addition to the 
6.91- and 7.12-Mev lines. A pulse height of 38 v corresponds to 
an energy of 6 Mev. 


the detector, was measured. This was again done with 
the direct beam. In order to simulate the conditions 
of the scattering experiment, the target was placed 
close to the detector in the position normally occupied 
by the scatterer. In order to avoid excessive counting 
rates, the beam had to be reduced to about 0.01 ya. 
Data were then taken relative to a monitor for all the 
angles of incidence encountered in the angular-distribu- 
tion measurements. This then allowed one to correct 
the angular distribution data for the angular variation 
in the efficiency of the shielded detector. 

The results obtained for the angular distribution of 
the resonance radiation from O'® are shown in Fig. 6 
after correction for the finite angular resolution. The 
solid curve represents the least-squares fit of the form 
Ao+ A2P2(cosé)+ A4P4(cosé) to the data. By dividing 





6.9% AND 7.12-MEV 


by Ao, one obtains 
W (0) =1+ (0.41+0.09) Po+ (0.60+0.08) P,. 


As pointed out previously this must be the sum of 
the individual distributions for the 6.91- and 7.12-Mev 
gamma rays, weighted by their respective intensities. 
These individual distributions are W (@)=1+0.357P, 
+1.143P, for the 6.91-Mev gamma ray, and W(@)=1 
+0.5P, for the 7.12-Mev gamma ray. To fit the 
experimental distribution, one needs (54+7)% of 
the 6.91-Mev transition and (46+7)% of the 7.12-Mev 
gamma ray in the scattered radiation. 

If the relative amounts of the 6.91- and 7.12-Mev 
radiation in the scattered beam (54:46) are combined 
with the corresponding ratio (45.6:54.4) obtained in 
Sec. IITA for the incident beam, the individual mean 
lives can be calculated from the magnitude of the 
total resonance scattering. These mean lives are 
(1.2+0.2)K10~" second for the 6.91-Mev state and 
(0.97+0.2) x 10~" second for the 7.12-Mev state. 

The incident spectrum (Fig. 1), used for the calcula- 
tion of the mean lives, was based on the assumption 
that averaging over many resonances of the F(p,a) 
reaction would tend to bring about, for a given direction 
of gamma emission, an isotropic distribution of the 
associated alpha particles. It is difficult to estimate the 
uncertainty in .V(,) introduced by this assumption, 
but it was felt that the additional error in the mean 
lives would be less than twenty percent. If we include 
this additional uncertainty, the final results are 


7,(6.91 Mev) = (1.2+0.3) K 10~" second, 


7y(7.12 Mev) = (1.0+0.3) K 10~™ second 


It might surprise one at first sight that 7,(6.91 Mev) 
is longer than 7,(7.12 Mev) although the 6.91-Mev 
radiation shows a stronger scattering effect. However, 
it should be remembered that the expression (5) for the 
number of scattered contains a statistical 
factor which is 5/2 for the 6.91-Mev transition and 


3/2 for the 7.12-Mev transition 


quanta 


D. Self-Absorption Experiment 


Prior to the measurement of the alpha groups 
associated with the 6.91- and 7.12-Mev levels in O'®, 
the relative abundance of the corresponding gamma 
rays in the incident beam was not known. In order to 
obtain estimates of the lifetimes,’ a self-absorption 
experiment was performed and its results combined 
with the angular-distribution data. 

A look at the individual angular distributions of the 
HIC) 


shows that one comes closest to measuring the self- 


6.91- and the 7.12-Mev resonance radiations (Sec. 


absorption of the individual transitions by using 
scattering angles of 90° and 126°. At 90° the 6.91-Mev 
transition is dominant; at 126° the 7.12-Mev transition 


122C, P. Swann and F Phys. Soc 


1, 211 (1956). 


R. Metzger, Bull. Am Ser. II, 


SACITED 


STATE 


24 
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CROSS 


DIFF. 











120° 150° 180 
——+ SCATTERING ANGLE 


Fic. 6. Angular distribution of the resonance radiation from 
O'*. The solid curve represents the least-squares fit assuming 
the form Ag+AgPe+A,ql’s. The differential cross section is given 
in arbitrary units 


represents the major portion of the scattered radiation, 


Consequently, all self-absorption studies were carried 


out at these two scattering angles 

The absorbers were 2 in. thick and were placed be 
tween the target and the scatterer as indicated in Fig, 3. 
In order to eliminate the effect of electronic absorp 
tion, a comparison absorber of polystyrene was matched 
with the principal water absorber by comparing the 
two with the direct beam. In the direct-beam compari 
son the self-absorption, which acts only on the narrow 
region of the absorption lines (~26 ev), can be neg 
lected relative to the electronic absorption which affects 
the whole 130-kev width of the lines 

A difference in the effects of the two absorbers on the 
background counting rates, e.g., a different neutron 
attenuation, could falsify the self-absorption data. In 
order to prevent this, the self-absorption experiment 
was carried out not only with the water scatterer, but 


Within 


the statistical uncertainty, the counting rates with the 


also with the benzene comparison scatterer 


benzene scatterer were identical for the water and 
polystyrene absorbers. For the water scatterer, on the 
other hand, the attenuation with the water absorber 
was larger than that with the polystyrene absorber. 
From this difference, which was found at 90° as well 
126”, from 
two gamma rays in the scattered radiation, the pre 


(1.6.0,67"") KIC 


(0.5 10.8 


0.2 } 


as at and the relative intensities of the 


viously lives of 
second for transition 
x10 7.12-Mev 
obtained with the help of hq (6) 
The average value of the ratio 


quoted” mean 
the 6.91-Mev 


second for the 


and 


transition were 


R=[S(X)—S(X+D) //S(X) 


for the two angles was found to be R=0.114+0,026 
for a path length D=2.2 in. of water. With a Doppler 
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width A=13 ev, an average natural width [ of 
(644+1.5)K10°* ev, corresponding to an average 
mean life of (1.034-0.23)K10~-" second, was obtained 
by using Eq. (6). In calculating this mean life, we 
assumed an average statistical weight of two. Since 
the two mean lives deduced from the scattering 
experiments are closely the same, the averaging just 
performed should be good. The evenly weighted average 
mean life from the scattering experiment is (1.09+-0.21) 
X10" second. The good agreement of the results of 
the scattering experiments with those of the self- 
absorption study indicates that the assumptions made in 
using the alpha-particle yields for the determination of 
the relative gamma intensities, and in choosing a 
rectangular shape for the incident spectrum, were 
reasonable. 


IV. DISCUSSION 


Both the 7.12-Mev level and the ground state of O'* 
have an isotopic spin of 0 and, therefore, the F1 
transition between them is forbidden. Compared with 
the single-particle estimate of ~ 10~'* second, the actual 


transition is slowed down by a factor of ~10+. 
Radicati® has shown that the amount of isotopic-spin 
admixture introduced by the Coulomb interaction is 
sufficient to allow the transition probability to come to 


“L.A. Radicati, Proc. Phys. Soc. (London) A67, 39 (1954) 


F. R. METZGER 

within a factor of ~300 of the uninhibited value. If 
Wilkinson’s most probable value, | M |?=0.032, for 
uninhibited £1 transitions is used, the experimental 
transition probability comes close to Radicati’s limit. 

Griffin’® has estimated the £2 transition probability 
for the 6.91-Mev transition on the basis of a collective 
model and finds a theoretical value which is larger than 
the experimental transition probability. 

Kameny,'® using the alpha-particle model, predicts 
for the 6.91-Mev transition mean lives of 2.4 10~" 
second and 1.95X10~'® second, depending on whether 
the 9.83-Mev state or the 6.91-Mev state is the first 
level in O"* to be identified with the doubly degenerate 
vibration. In view of our experimental result of 1.2 
*10-" second, the 9.83-Mev state seems to be the 
preferable choice. According to Dennison" this identi- 
fication results in a better prediction of the energy 
levels of O'*, 
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\ survey has been made of electron-capturing nuclides produced by irradiating rare earths (Gd through 
Hf) of various isotopic enrichments with 22-Mev protons. [on-exchange chemistry was performed, convert 
sion-electron spectra were analyzed, and the various activities were cataloged. At least ten new activities, 
Tb! , Tb, Thi, Dy!®5, Hol, Hol™, Hol, Eri Yb!7™ and Lu! were found and studied. Eighteen 
previously known activities also were examined. Multipolarities consistent with the observed conversion 
electron intensity ratios are proposed. The positions of levels of even-even nuclei as a function of both 


proton and neutron number are discussed. 


INTRODUCTION 


HE rare-earth radionuclides produced by neutron 
capture have been studied extensively in the past 
several years, but little has been done with the neutron- 
deficient rare earths. It is of value to study in detail all 
the isotopes of a given atomic number, and thus be able 
to correlate data on energy levels with one fixed 
parameter (i.e., atomic number) to demonstrate the 
effects of varying neutron number. It has been shown in 
the study of single-particle levels! that such data are 
indeed interesting. In addition, a great deal of data has 
accumulated from the Coulomb excitation experiments?* 
in the rare-earth region. These data suffer from one 
handicap: lack of precision, since for technical reasons 
an inherently low-resolution scintillation counter is 
usually employed. Experiments with internal-conver- 
sion electrons’ from transitions produced by Coulomb 
excitation have been performed; these too suffer from 
the fact that the desired “carrier-free’’ source is pre- 
cluded for intensity reasons. The Coulomb excitation 
experiments usually cannot allow a mass assignment for 
polyisotopic elements. If one were able to do good 
spectroscopy of these nuclides, including mass assign- 
ments, the value of these Coulomb experiments would 
be enhanced, since these two techniques are corollary. 
In addition, it is possible to observe rotational levels in 
radioactive nuclei which are not available for Coulomb 
excitation. See for example, the section on levels of Tb!®’. 
Other level data are becoming available: for example, 
the radioactive decay chains beginning with the spalla- 
tion products of high-energy interactions, in particular, 
the investigations of Nervik and Seaborg,’ who irradi- 
ated Ta with 340-Mev protons. In some cases, these 
decay chains have been given unique mass assignments 


t A portion of the work was done at Notre Dame and supported 
by the U. S. Atomic Energy Commission, 

* Summer (1956) participant from University of Notre Dame 
Notre Dame, Indiana 

t Operated for the U. S. Atomic Energy Commission by Union 
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son, and Winther, Revs. Modern Phys. 28, 432 (1956). 

*W. E. Nervik and G. T. Seaborg, Phys. Rev. 97, 1092 (1955 


by direct mass measurements.‘ Photoexcitation®® is 
another promising attack, one which should give rise to 
levels not obtainable in ordinary beta decay processes, 
in particular levels depopulated by M2 transitions. 
Other promising methods are excitation with electrons’ 
or fast neutrons.* 

What is needed is a survey of the radioactive decay 
chains in this region in order to show the way for more 
detailed and definitive experiments on known activities. 
It is the purpose of this paper to describe such a survey. 
We have been successful in producing high specific 
activity sources for use in permanent-magnet spectro 
graphs. We have attempted to obtain the genetic 
relationships of all the gamma-ray transitions present. 
We have analyzed several hundred spectrograms, each 
containing a large number of conversion lines. In spectra 
of such complexity, many overlaps of conversion lines 
are observed. These overlaps are usually resolvable by 
use of isotopically enriched targets, variable energy of 
irradiation, and half-life data. Figure 1 shows some 
typical spectra of various ages. 

Rare earths (20 to 30 mg of the oxide) were irradiated 
in the ORNL 86-inch cyclotron’ at proton-beam 
energies ranging from 12 Mev, which should produce 
the (p,m) reaction only, up to the maximum energy of 
22 Mev, which in most cases should produce the 
(p,3n) reaction. Irradiations of one to eight hours were 
made at a beam current of 70 microamperes. Ion 
exchange columns” were used to separate the activity 
desired from the target material. The desired fractions 
were put into the chloride form, dissolved in pyridine, 
and electroplated onto 10-mil Pt wires. This method of 
preparing rare-earth sources has proved to be reliable 
and effective." We were able to obtain spectrograms of 


‘M. C Rev. 93, 1422 
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Tb, AGE = 28" 


Tb, AGE = 520" 


199 ~Cpph yy 


196—C yb gre~ Myr Nyy 


Ho, AGE 29" 


1, AGE = 485" 


iia 


Fic. 1. Conversion-electron spectra of rare earths of various ages produced by 22-Mev protons (127-gauss magnet) 


excellent quality with these sources.§ The activation rate 


tion of activities with half-lives ranging from } hour to 
and time for chemical processing permitted the observa- many years. In all cases we have examined electron 


: ‘ ing *} 
§ Note added in proof.--More reliable electrodeposition has been capturing nus lei. 


achieved using the method of R. Ko, Nucleonics 15, 72 (1957 


The spectrograph employed was a standard con- 





NEUTRON-DEFICIENT RARE 
version-electron spectrograph with a magnetic field of 
127 gauss; electrons of energy between 10 and 380 kev 
were recorded. For a given source, successive exposures 
were made and the relative decay rates of the various 
lines determined photometrically. Hence, if the absolute 
decay rate of any line was known, then the absolute 
decay rates of the others can be determined. Figure 2 
shows some typical half-life curves of terbium activities. 

The photographic detectors were either “AA” or 
No-screen x-ray film. The “AA” emulsion, although 
less sensitive by a factor of two, has improved contrast 
and granularity properties. 

Scintillation-counter spectra were obtained for three 
fractions from the ion-exchange column (target element 
Z, Z+1, and Z—1); a single-channel analyzer was used 
in obtaining these spectra. Some hitherto unreported 
activities were obtained in this fashion. For the re- 
actions leading to carrier-free nuclides, the most prolific 
is (p,2n), followed by (p,m) and (p,3n). 

All the rare earths from Gd through Hf were irradi- 
ated, and in each case the chemically separated products 
were studied in the spectrograph. We shall discuss each 
successful target in turn, and shall present the data 
which are now available. Data now being obtained will 


be published at a later date. 

All assigned multipolarities are consistent with the 
measured K/L and L ratios.” 

Finally, we shall discuss some of the regularities in the 


level positions in these nuclei, in particular the variation 
of first excited level position as a function of neutron 
number for a given Z, and the behavior of the ratio of 
possible second to first excited state energies as a 
function of neutron number for a given Z. 


EXPERIMENTAL RESULTS 


Irradiation of Gadolinium to Produce 
Terbium Isotopes 


A full-energy irradiation of natural Gd produces a 
conversion electron spectrum extremely rich in lines, 
since there are seven stable isotopes of Gd. Several 
identical properties of the various radioactivities of 
Z=65 made the analysis of the data difficult. Only by 
repeated irradiations of Gd targets of varying isotopic 
abundances were we able to catalog the radiations 
correctly. The half-life standard used was that obtained 
from a Geiger counter decay curve for pure Tb'®, 
which found half-life of 5.6+0.1 


days. In all cases, the half-lives in parentheses in the 


was to have a 


section headings are our measured values, unless other- 


wise noted. Some of the facts adding to the complexity 


of the analysis were as follows: 


2M. E. Rose, Bela- and Gamma-Ray Spectroscopy, edited by 
K. Siegbahn (North Holland Publishing Company, Amsterdam, 
1955). 

18 Obtained from Division of Stable Isotopes of the Oak Ridge 
National Laboratory 


EARTHS (Tb THROUGH Hf) 


t€ 


TIME (doys) 


ic. 2. Decay curves of conversion-electron lines of terbium 


activities produced by preton irradiation of gadolinium 


1. ‘Tb'®* and Tb'® have similar half-lives (5.6 days) 

2. Tb!" and Tb'™ have almost 
(21+2 hr). 

3. There gamma-ray of identical 
energy in the decay of Tb'®® and ‘Tb!®* (263+-0.2 kev). 

4. There are gamma-ray of 
energy in the decay of ‘Tb! and Tb!® (180+-0.2 kev). 

5. There is an exact overlap of the K and Ly 


identical half-lives 


are transitions 


transitions identical 


conversion lines of an 88-kev isomeric transition in ‘Tb!** 
and the A conversion of 87-kev 
(Gd!) and Ly, conversion line of an 89-kev transition 


line an transition 


(Gd!) respectively. 


Since various levels in some of the stable Gd isotopes 
have been well established, these data could be used 
to assign masses to the activities we produced. For ex 
ample, levels in Gd! and Gd! are fed by 6 decay of 
Kul “and Eu!®®.!® In addition, accurate determinations 
of the energies of the capture gamma rays in Gd!" and 
Gd'** have been made by Church and Goldhaber,'® 
Hence, when we observe transitions identical to any of 
these, we have ascertained the mass assignment for 
the decay chain in question 

Tb'™(8 hr+-22 hr)->Gd'™,— Handley and Lyon"? have 
assigned half-lives of 7.5 and 17.5 hours to this isotope 
We observe internally converted transitions of 123 and 
248 kev apparently identical to those observed in the 
decay of Eu'™, Handley and Lyon report that the ratio 
of the “7.5”-hr activity to that of “17.5” hr is only 
1/500. We may observe some of the shorter lived ac 
tivity in our studies. 

Th'*5(5.6 days)—>Gd""®. 
limits of <10 minutes or >5 years for the half-life of 
Tb! in their experiments on enriched Gd_ targets 
However, we obtained conversion lines apparently 


Handley and Lyon" had set 


Katz, Phys. Rev. 93, 155 (1954); B 
(London) A69, 415 (1956); L. Grodzins 
Phys. Soc. Ser. II, 1, 163 (1956) 
Goldhaber, Phys. Rev. 95, 626(A) 
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(1956); F. Boehm and E. N. Hatch, Bull. Am. Phys. Soc. Ser. I 
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Tasie I. Conversion electron data for radioactivities of terbium produced by proton bombardment of gadolinium 


Transition (kev 


Ph! (20 hr) ~Gd™ 
108.3 1000" 
180.3 155 
192.2 50 
252.1 155 
287.6 110 
(die 
41.5 
51.7 
68.1 
87.5 
102.1 
109.8 
174.4 
195.2 
212.2 
249.8 
Pb'(8% hr and 22 hr) 
123.2 1000" 
248.1 75 
447.0 6 
Gd 
18.8 
21.0 
41.3 
45.3 
(1 
86.7 1000! 
101.2 55 
105.4 815 
149.0 315 
100.8 65 
161.5 255 
163.5 420 
180.4 515 
182.0 ~15 
221.0 ~30 
239.7 ~15 
262.9 125 
341.3 ~15 
368.3 w 
Tb'**(5.5 hr) isomeric transition in Tb 
88.40 
»Gdleé 
89.10 1000> 
111.9 100 
155.2 45 
199.4 300 
262.7 ~25 
296.7 ~13 
356.6 u 
422.2 u 


I h'*(62 hr) 


I'b'**(5.6 day) 


~130 
I'h'**(5.6 day) 


* Multipole assignments are made on the basis of K/L and L ratios 


Lut N 


Remarks*.> 


145 M1+E2 


Superimposed on 
Auger lines 


E2(2+-—90+ ) 
E2(44--92+-)* 
F2(6+-4+)! 


W1+ E2 
Fl 


El 
1 


k3 


F2(24+--0+-) 


E2(4+—2+)* 


6+—4+-)! 


» Intensity data are arbitrarily normalized to 1000 units for the most prominent line in each activity. Comparison may not be made between data for 


different nuclides. “‘w" indicates a weak line 
«J; and Li lines not completely resolved 
4 Conversion line is a composite of two different lines 
* Probable 
! Possible 


identical to those of transitions in Gd!® arising from the 
decay of Eu'®, These transition energies are 19, 45, 60, 
86, and 105 kev. By superimposing spectrograms, one is 
able to make a very sensitive test as to the “identicality” 
of sets of conversion lines. Hence, it was evident that 
we were indeed producing Tb'®*. To confirm our results, 
we irradiated two targets with 12-Mev protons to 
produce the (p,m) reaction alone; the targets were 
enriched in masses 155 and 156, respectively. Although 
neither target was enriched to a high degree, the relative 


intensity of the Tb'® and Tb'®* transitions were con- 
sistent with the isotopic enrichment factors. Tb'®® has 
a half-life the same as that of Tb'* and somewhat 
similar decay energies; hence it is not surprising that it 
was overlooked in the previous experiments. 
Subsequently, a source of Tb'®*, free of Tb'®*, was 
made in the following fashion. A target of Dy (enriched 
to 16.8% in mass 156 from the normal isotopic abun- 
dance of 0.05%) was irradiated with a full-energy 
proton beam. The Tb'*® was produced as the daughter 
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EARTHS (Tb THROUGH Hf) 


TABLE II. Conversion electron data for radioactivities of dysprosium produced by proton bombardment of terbium 


Transition (kev) 


Dy!*7(8.2 hr) 
60.76 
$2.98 
143.9 
182.5 

265.5 
326.6 

Dy'®(134 day) 

57.98 


»*ThH 57 


1000 ~ 140° 


* Multipole assignments are made on the basis of K/L and L ratios 


» Intensity data are arbitrarily normalized to 1000 units for the most prominent line in each activity. ¢ 


different nuclides, ‘‘w” indicates a weak line 
¢/1 and Liu lines not completely resolved 
4 Possible 


of the short-lived Ho!’ and Dy'®, and was chemically 
extracted from the target. Table 1 lists the conver 
sion-electron data, and it may be remarked that 
the results obtained by analyzing the spectra of the 
enriched Gd targets and the Dy!” target are in complete 
agreement. 

The level scheme of Gd'®® is complex. ‘The electron 
capture of Tb'®® leads to levels of several hundred 
kev excitation, whereas the 8” decay of Eu'® apparently 
does not proceed to any level above that of 105.5 kev. 
Scintillation-counter studies are now being made. 

Tb'°(5.5 hr and 5.6 days)—Gd'*.-Handley and 
Lyon!’ have assigned these two half-lives to mass 156. 
Heydenburg and ‘Temmer'* have obtained a level of 89 
kev in Gd'** by Coulomb excitation. In addition, 
Church and Goldhaber'® have observed capture gamma 
rays of 88.8 and 198.7 kev. Handley and Lyon reported 
that the 5.5-hr activity decayed with a weak “beta” 
activity. It develops that this radiation is an isomeric 
transition of 88.4 kev in Tb!®®, of #3 character.’ The 


analysis of many spectrograms obtained in quick 
sequence make our assignment unambiguous. A growth 
and decay of the ground-state activity of this nucleus 
was observed. A search was made for the transition 


de-exciting the first excited level of Dy'®* which might 
be fed by beta decay. This transition would be of 
particular interest since in this case the neutron number 
is 90; the position of this level should be appreciably 
higher for this lower neutron number. However, it is 
possible that the conjectured 8 decay is of low energy 
and hence goes to the ground state of Dy'®*. There is 
some evidence for a level of 138 kev in Dy’, as observed 
in the electron-capture decay of Ho. Table I displays 
our electron line and transition data. 

Our scintillation-counter data are in good agreement 
with those of Handley and Lyon, except for the fact 
that not all of the transitions they observed occur in 
isotopes of mass 156. As regards mass 156, it is probable 
that the levels 2+ and 4* and possibly 6* are being 
18N. P. Heydenburg and G. M. Temmer, Phys. Rev. 100, 150 


(1955) 
J. W. Mihelich and B. Harmatz, Phys. Rev. 106, 1232 (1957 


Liu M Remarks*.» 


M1 + E2(Lo+1-+1 9)" 
M1+E2([o+2-+1 41 
E2(194 2 r[9)4 


W1+ E2 


omparison may not be made between data for 


populated; in addition, a number of high-energy 
transitions (greater than 1 Mev), which have small 
energy that 


possibly a set of closely spaced levels separated from the 


differences among themselves indicate 
ground state by an excitation energy of roughly 1 Mev 
are being populated. There may be some similarity here 
to the level W'* studied with the beta 
emitter ‘Ta'**.” Recent work indicates the existence of 
25 y-ray transitions in Gd!®*, as observed from a study?! 
of the beta decay of Eu!®* 

Tb'"(20 hr)—->Gd'",—A coplous yield of Tb!" was 


obtained. ‘The mass assignment has been made on the 


S( heme of 


basis of yields from different targets of varying mass 
enrichments. Rasmussen el al.” have assigned a 19-hour 
alpha activity to Tb!"!. The electron data are given in 
Table I. 

Tb'* (62 hr)—Gd'™. 
established by the observation of the daughter activity, 
Gd'™, which decays to levels in Eu!™, This con lusion 


The presence of this activity is 


is consistent with the yields from various mass-enriched 
targets. Subsequent to this work, Schultz™ has reported 
on the activities of Gd!" and Gd!™ produced by alpha 
bombardment of Sm. Our results are in complete accord 
with hers. 

We should remark here on our negative results. We 
did not observe a transition of 145 kev in Gd! corre 
sponding to the one observed by Heydenburg and 
‘Temmer'® in Coulomb excitation. There was no indi 
cation of any activity due to Tb!’ or Tb'®*. An intense 
source of Dy'*’ showed no daughter (Tb'*’) activity, Gd 
targets enriched in masses 158 and 160 were irradiated 
with protons but no activities of mass greater than 156 
(except Tb'™) were observed. 

Certain remarks regarding the accuracy of the data 
in Tables | through VI should be made at this time 


™ J. W. Mihelich, Phys. Rev. 95, 626(A) (1954); Murray, 
Boehm, Marmier, and DuMond, Phys. Rev. 97, 1007 (1955 

21. Boehm and E. N. Hatch, Bull. Am. Phys. Soc. Ser. II, 1 
390 (1956) 

# Rasmussen, Thompson, and Ghiorso, Phys 
(1953) 

2V_ A. Schultz, University of California Radiation Laborator 
Report UCRL.- 3594, 1957 (unpublished 


Rev, 89, 33 
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Tasie III. Conversion electron data for radioactivities of holmium produced by proton irradiation of dysprosium. 


Transition (kev) q hi Lin M ] Remarks*.» 


Ho!*(~1 hr)-+Dy'** 

138.1 ‘ ‘ : 7 £2(24+-—-0+) 
Ho'®(5.0 hr) Isomeric Transition in Ho 

BD.09 see 920 
Ho!(22 min 7)—+*Dy'® 

%7.00 770 

197.5 5 . $24 

297.6 w 
Ho! (2.5 hr)-+Dy'™ 

25.65 ~~700P 

77.52 . 5854 

103.2 

175.4 
Ho'@(67 min)-*Dy'* 

$8.2 

57.7 

80.80 owe 5 5 0+) 

184.8 380 -s i +-—»2-+- je 

242.8 55 ? 4+)! 
Ho!(37 min)-»Dy'™ 


73.0 ~340 ore k2(2+-—0+-) 


Ho! (37 min) >Er'% 


91.3 ~250 £2(2+-0+-) 


* Multipole assignments are made on the basis of K/L and L ratios 

» Intensity data are arbitrarily normalized to 1000 units for the most prominent line in each activity. Comparison may not be made between data for 
different nuclides, ‘‘w"’ indicates a weak line 

* Conversion line is a composite of two different lines 

4J; and Liu lines not completely resolved 

* Probable 

! Possible 


‘The true transition energies are within +0.15% of our of 1000 arbitrary units. A series of spectrograms of 
values, ‘The estimate of the uncertainties in the intensity | various exposures allows us to obtain intensity measure- 


data is more difficult to make. In general, the most ments on lines of greatly different intensities; a single 
prominent conversion line is assigned an intensity value spectrogram does not allow comparing of lines with an 


Paste IV. Conversion-electron data for radioactivities of thulium produced by proton irradiation of erbium 


Transition (kev) Li Liu Lin M Kemarks*. 
I'm?!**(29 hr) Er? 
47.2 <1154 105 . . 
54.5 ‘ 390 105 
00.5 40 w 
77.3 50 110 30 
113.7 300 5 15 
219.3 130 u 
243.3 1000 ~40 
2960.5 70 w 
297.8 110 
347.3 30 
356.9 20 
P'm!'®*(7.7 hr)» Er!” 
80.7 230 ‘ £2(24+-—90+) 
154.6 10 
184.7 165 5 F ‘ E2(44+-—+2+4+)e 
194.8 1s 
215.4 13 
Tm!*(9.6 days) Er? 
57.10 32! 7 M1i+2 
208.3 1000 545 Ez 
I'm!*(87 days)—*Er'™ 
79.86 250 
184.6 180 
198.7 ~170 
448.0 ~25 


* Multipole assignments are made on the basis of K/L and L ratios 

» Intensity data are arbitrarily normalized to 1000 units for the most prominent line in each activity, Comparison may not be made between data for 
different nuclides, ‘‘w'’ indicates a weak line 

© di and Lu lines not completely resolved 

4 Conversion line is a composite of two different lines 

* Probable 





NEUTRON-DEFICIENT RARE 


EARTHS (Tb THROUGH Hf) 


TABLE V. Conversion-electron data for radioactivities of lutetium produced by proton irradiation of ytterbium 


Transition (kev) K Li Li 


Lu'”(1.9 day) Yb!” 
84.2 

193.5 
Lu!7(8.1 days) 
55.6 

66.7 

75.8 
Lu'”*(6.7 days) 
78.7 

90.6 

112.8 

181.5 
203.8 1) 

270.5 19 

324.6 11 

373.1 9 
Lu'3(1.4 year) 
78.8 

100.9 

171.5 

272.7 
Lu'*(165 days) 
76.6 


»°YbI7 


> 190 
~105 
~35 
210 


> 570 


620 
9, 


8O 


> 210 1000 


® Multipole assignments are made on the basis of K/L and L ratios 


b Intensity data are arbitrarily normalized to 1000 units for the most prominent line in eac! 


different nuclides. ‘w"’ indicates a weak line, 
¢/.1 and Lu lines not completely resolved 
4 Conversion line is a composite of two different lines 
© Probable 


intensity ratio much greater than 10. In comparing the 
intensities of various lines with the one of 1000 arbitrary 
units, the following estimates of uncertainty may be 
applied : for conversion lines of less than 40-kev kinetic 
energy, intensities given are lower limits; conversion 
lines of 75 or more units have an uncertainty of 20%; 
conversion lines of less than 75 intensity units have an 
uncertainty as great as 40%. Intensity ratios of well- 
resolved lines of similar energy have an uncertainty 
of considerably less than 20%; K/L ratios, for moder 
ately intense lines of greater than 40-kev energy, some 
what less than 20% as is the case for L ratios where the 
separation is not complete. 


Terbium Target to Produce Dysprosium Isotopes 


Terbium is a monoisotopic element of mass 159, Dy!” 
decays with a half-life’ of 8.2 hours, and photons were 
observed with a scintillation counter.” 

Our spectrograms indicated electron lines corre- 


sponding to several transitions, as tabulated in Table II. 


One may postulate an interesting level scheme, 
assuming a ground state spin (Jo) of 3. There is the 
possibility of two rotational levels*® at 60.76 kev 
(Jo+1) and 144 kev (Jo+2). The 144-kev level is 
depopulated by a 83.0-kev M1 (very small amount of 
E2), and a relatively weak crossover of 144 kev which 
may be of £2 character. It is of interest to note that in 
the Coulomb excitation experiments'* on Tb'™, the 
ratio of the intensity of the cascade and crossover 

* T. H. Handley and E. L. Olson, Phys. Rev. 90, 500 (1953 


**A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab 
Selskab, Mat.-fys. Medd. 27, No. 16 (1957) 


Lin Remarks*.' 


1000 


~5 


230 
1000 


1000 
190 
20 
45 
& 


e between data for 


transitions is large (>5). In addition, there may be a 
level at 326.6 kev from which transitions proceed to all 
three levels in the lower band 

We have observed a transition of 58.0 kev following 
the electron capture of Dy'*. This transition, too, is of 
M1+-£2 multipole order with the M1 fraction con 
siderably greater than the £2 fraction, ‘This level has 
been obtained by Coulomb excitation, and has also 
been observed in the 6 decay*® of Gd'™ 


Dysprosium Target to Produce 
Holmium Isotopes 


A 30-mg oxide target was irradiated for two hours at 
maximum beam energy (22 Mev). Within three hours 
after the completion of the cyclotron run, the chemical 


Conversion-electron data for radioactivities of hafnium 


TABLE VI 


produced by proton irradiation of lutetium 


Transition (kev Remarks*:' 


Hf'4(24 hr) Lut 

123.9 400 “ 

135.3 240 4 4 10 
140.0 1000 5 

162.3 35 

297.8 45 

$07.3 % 

$12.1 13 

357.9 4 


kl 
Mi +2 
Ei or M1+H#2 


of K/L and L ratios 
1000 unite for the moat 
not be made between data 


® Multipole assignments are made on the basis 

» Intensity data are arbitrarily normalized to 
prominent line in each activity. Comparis 
for different nuclides. ‘‘w"’ indicates a weak line 
Li and Lu lines are not completely resolved 


m may 


6 Jordan, Cork, and Burson, Phys. Rev. 92, 315 (1953); 
R. Ballini and R. Barloutaud, J. phys. et radium 17, 534 (1956) ; 
N. Marty, Compt. rend. 241, 385 (1955 
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separation was performed, the electrolysis completed, 
and the source placed in the spectrograph. We were 
able to take many spectra of short duration in succes- 
sion. Our conversion-electron data are presented in 
Table III. 

Ho™ is known to decay by electron capture, as well 
as beta decay, with a reported half-life of between 37 
and 42 minutes.”* We were able to detect the conversion 
lines of the previously reported activity and confirm 
some of the energy measurements of Brown and 
Becker” (73.0 and 91.3 kev). 

Ho'*(~1 hr)->Dy'**.— As mentioned before, there is 
evidence for a Ho! activity of 1-hr half-life which 
decays by electron capture to a 138-kev level in Dy'®*. 
‘The mass assignment is made from the observation that 
this transition is observed only in targets enriched in 
Dy'® but not in targets enriched in Dy'®*. There seem 
to be no other transitions of appreciable intensity 
associated with this activity. It must be admitted, how- 
ever, that this assignment is not completely firm, but is 
probable. ‘ 

Ho'™™(5.0 hr) and Ho'™(22 min ?)—>Dy'®.—The 
decay of Ho! by electron capture populates levels in 
Dy'™, some of which are the same as those fed by the 
beta-decay” of 73-day Tb'®. Gamma-ray transitions 
which are apparently common to both beta decay and 
electron catpure are those of 87, 197, 297, 391, 890, and 
970 kev. Nervik and Seaborg,’ and Handley,” observed 
additional gamma rays of 650 and 730 kev in the decay 
of Ho™. It is worth noting that the mass assignment is 
certain since Nervik and Seaborg have made a mass 
measurement of the parent of Ho'™ (Er'®). In addition, 
we have rechecked this point by irradiating an enriched 
sample of Dy in which the normal 2.6% Dy'® was 
enriched to 64% 

The transitions of 87 and 197 kev in Dy’ are 
apparently £2, and probably depopulate levels of 2* and 
4* character. The transition of 297.6 kev is possibly E2, 
proceeding from the 6* level. 

A transition of 60.1 kev with a half-life of 5.0 hr, 
converts in Ho'™, Hence, we are dealing here with an 
isomeric transition in Ho'™, most probably of £3 
multipole order. Obviously, this transition, or an as yet 
unseen low energy (less than 15 kev) transition, is 
responsible for the half-life. It appears that £3 transi- 
tions®® are not uncommon in the rare earth region. 

Our spectra show no evidence of any growth of the 
intensities of the transitions converting in Dy; the 


decay rate of these lines appears to be identical (within 


5%) to that for the lines of the isomeric transition. 


27 H. Brown and R. L. Becker, Phys. Rev. 96, 1372 (1954) 

* |. Shartovalov, Izvest. Akad. Nauk. Ser. Fiz. U.S.S.R. 17, 503 
(1953); Burson, Jordan, and Leblanc, Phys. Rev. 94, 103 (1954) ; 
H. Jafle, University of California Radiation Laboratory Report 
UCRL-2537 (unpublished); Keshishian, Kruse, Klotz, and 
Fowler, Phys. Rev. 96, 1050 (1954); M. A. Clark and J. W. 
Knowles, Bull. Am. Phys. Soc. Ser. II, 2, 231 (1957) 

” TH. Handley, Phys. Rev. 94, 945 (1954) 
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Hence, one is left with two alternatives: either (1) there 
is no electron capture from the isomeric state and the 
ground state of Ho™ has a short half-life, very likely 
that of 22 min. as reported by Handley”; or (2) the 
isomeric state does undergo electron capture to levels in 
Dy'™, in which case the half-life of the ground state of 
Ho is either short or very long compared to 5 hr, or is 5 
hr +5%. 

Ho (2.5 hr)—>Dy'™.— Electron lines corresponding to 
transitions of 25.6 and 77.5 kev are observed to decay 
with a half-life of 2.5 hr and are accordingly assigned to 
mass 161, since Handley and Olson” have observed an 
activity of such a half-life presumably from mass 161. 
Cork et al." and Smith ef al.” have reported the follow- 
ing transitions: 25.6, 74.9, and 78 kev, which are inter- 
nally converted in Dy'®, following the beta decay of 
Tb'®. It seems reasonable that the 25.6-kev transition, 
at least, is common to both decay processes. We have 
confirmed this point by producing Tb! as the daughter 
of the Gd'* 8~ decay and chemically separating the Tb 
activity and examining the internal conversion electron 
spectrum. Only the 25.6-kev transition is common. 
Therefore, one can conclude that it probably proceeds 
from the first excited state of Dy’. Heydenburg and 
Temmer™ have observed, by Coulomb excitation, a 
transition of 76 kev in Dy, presumably in an odd-mass 
isotope. || 

Ho'™ (67 min)—>Dy'®™.—-We have listed the transitions 
assigned to mass 162 in Table III. The mass assignment 
is made on the basis of yields from targets enriched in 
various masses. Mass 163 is possible, but the work of 
Handley and Olson® indicates that Ho'™ has a very 
short or a very long half-life. 

The conversion ratios of the transitions of 80.8 and 
184.8 kev indicate that they are most likely of F2 
multipole order. 

We have assigned a gamma-ray transition of 38.2 kev 
to Ho’, despite the fact that Brown and Becker?’ 
assigned a transition of the same energy to Ho'®, 
produced by (y(22 Mev), ”) on Ho'®. The decay rate 
of this transition is definitely consistent with a half-life 
of 67 min., and isotopically enriched targets have 
proven that this transition is not due to an activity 
of mass 164, but is in an activity associated with mass 
162. One might postulate that Brown and Becker 
produced Ho! by a (7,3) reaction, but then one has to 
explain the absence in their data of some of the more 
intense transitions from Ho'™ (e.g., 80.8 kev). 


” T. H. Handley and E. L. Olson, Phys. Rev. 93, 524 (1954) 

®" Cork, Brice, Schmid, and Helmer, Phys. Rev. 104, 481 (1956) 

® Smith, Hamilton, Robinson, and Langer, Phys. Rev. 104, 
1020 (1956). 

Note added in proof.—N. P. Heydenburg and G. F. Pieper, 
Phys. Rev. 107, 1297 (1957) report levels at 46 and 103 kev in 
Dy!" as observed by coulomb excitation. We observed a transition 
of 103.2 kev but saw no indication of transitions of 57 or 46 kev 
The situation is not yet entirely clear 

®T. H. Handley and E. L. Olson, Phys. Rev. 92, 1260 (1953). 
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Dysprosium Target to Produce Dy'® 


In the Dy fraction of this target, an activity was 
observed which is attributed to Dy'®, produced by a 
(p,pn) reaction on the 0.052% abundant Dy'®*. We 
observe, in addition to the 8.2-hr Dy'®’, an activity of 
about 20-hr half-life which consists of x-rays and 
photons of 230 kev. Photon peaks of the same energy as 
those observed in the decay of Tb'®® grow in and then 
decay in a manner consistent with the conclusion that 
they are fed by an activity of about 20 hr and then 
decay with a daughter half-life of several days. Since the 
source, of low intensity, could not be produced carrier- 
free, no spectrographic data were obtained. 


Holmium Target to Produce Erbium 


An irradiation of the maximum available proton 
energy (22 Mev) was made on a holmium target in an 
attempt to produce the 75-min activity® by the (p,3n) 
reaction, as well as to check for any nuclear gamma rays 
from Er'®. Intense Auger lines in Er but no conversion 
lines of less than 380 kev were observed. 


Erbium Target to Produce Thulium Isotopes 

Stable Er exists in six masses, ranging from Er'® 
to Er’, The activities*®* due to masses 165, 166, and 167 
have been determined by Michel and Templeton,‘ 


who performed mass separations of the active isotopes. 
The half-lives stated here for these isotopes are those 
reported by them. No evidence for the decay of the 
‘Tm isotopes of mass 161, 162, 163, or 164 was observed. 
In addition, the well-known*® Tm!” (120-day) activity 
was identified. Our conversion-electron data are pre- 


sented in Table IV. 
Tm'*(29 hr)‘ Er'®. 
formidable one. Handley and Olson® reported gamma 
ray transitions of 0.0205, 0.808, 1.16, and 1.38 Mev. We 
observe a large number of internally converted transi- 


This level scheme is indeed a 


tions as noted in Table IV. 

Tm'(7.7 hr)’ Er'®.—The electron capture of Tm 
leads to levels in stable Er'®, some of which also are 
reached by the beta decay of the two isomers*’ of Ho!®. 
In each case high-lying levels are populated. Some of 
the transitions observed in the decay of Tm!'® are 
apparently not present in the decay of the Ho! 


166 


activities. 

Tm'*(9.6 day) Er'®.—Nervik and Seaborg’ ob 
served gamma rays of 49, 115, 202, 515, and 720 kev 
In addition, Heydenburg and ‘Temmer'*® observed a 
level at 172 kev by Coulomb excitation in a presumably 
odd-mass Er isotope (possibly mass 167) which was 
postulated to be the second excited level. Hence, it 


4TH. Handley and E. L. Olson, Phys. Rev. 90, 500 (1953) 

4G. Wilkinson and H. G. Hicks, Phys. Rev. 75, 1370 (1949 

4 Graham, Wolfson, and Bell, Can Phys. 30, 459 (1952); 
Pohm, Lewis, and Jensen, Phys. Rev. 95, 1523 (1954) 

37 Graham, Wolfson, and Clark, Phys. Rev. 98, 1173(A) (1955) ; 
Milton, Fraser, and Milton, Phys. Rev. 98, 1173(A) (1955) 
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follows that the first excited level might be at 78 kev 
for this nucleus of spin §.** The only low-energy transi- 
tions we observe are those of 57.1 and 208.3 kev. It is 
of interest to note that a 210-kev level in Er with a 
half-life of 2.5 seconds has been excited with high- 
energy photon irradiation® and Er(n,y) activation.” 
Our conversion data indicates that the transition of 
208 kev is of £3 multipole order,’ and is apparently 
from the same level as that produced by the (y,n) 
experiments.® 

We have strengthened 
producing this activity by irradiating Yb with protons 
and chemically extracting Tm. In this case the ratio 
of the yield of Tm'® compared to Tm'™ 
relative to that for the Er+ irradiation. 

Tm‘ (87 day) Er'®.—-We observed conversion elec 
trons decaying at a rate consistent with the reported 
half-life of 87 days* for Tm'™. 

More recent experiments have shown the existence 
of several more internally converted gamma-ray transi 
tions and higher energy gamma rays of 745 and 820 kev. 
There is in addition a metastable level with a half-life 
of 0.1 usec, which is about 1 Mev above the ground 
state. This level scheme is now under investigation with 
delayed coincidence techniques. 

Recent studies of the capture gamma rays following 
resonant neutron capture” have shown a spectrum of 
photons similar to that of ‘Tm'®. Our mass assignments 
confirm the fact that the capture is due to Er'®?, 


the mass assignment by 


is increased 


Ytterbium Target to Produce Lutetium Isotopes 


One should expect a complex spectrum of activities 
arising from a full energy proton irradiation of natural 
Yb, which consists of seven stable isotopes. Such was the 
case. Table V presents our conversion electron data. 

The Lu!” activity was identified by the decay to a 
level in Yb'”, this same level being reached by the well 
known®® 8 decay of Tm!”. The half-life of Lu'” has 
been reported" as 6.7 days and we have used the lines 
of the 182-kev transition in this activity as one of our 
half-life standards. Nethaway ef al., investigated the 
8B decay of Tm'”, an alternate path to Yb'”.” We have 
produced Lu'®(7,=1.5 days) which decays to levels in 
Yb'™ for we then observe the well-known ground-state 
activity of Yb'™. The conversion lines of the Yb!™(30.6 
day)* were used as a half-life standard for the longer 
lived lines. The measured decay rates of Lu'?(7Ty=6.7 


4B. Bleaney and H. E. D. Scovil, Proc. Phys. Soc, (London) 
A64, 204 (1951). 

® F. der Mateosian and M. Goldhaber, Phys. Rev. 76, 187 
1949); M. Goodrich, Oak Ridge National Laboratory Report 
ORNL,-940, 1951 (unpublished); Campbell, Kahn, and Goodrich 
Oak Ridge National Laboratory Report ORNL-1164, 1951 
(unpublished) 
 Fenstermacher, Hickoff 
Ser. II, 2, 41 (1957) 

“G. Wilkinson and H. G. Hicks, Phys. Rev. 81, 540 (1951 

@ Nethaway, Michel, and Nervik, Phys. Rev. 103, 147 (1956 
* Cork, Brice, Martin, Schmid, and Helmer, Phys. Rev. 101, 


1042 (1956). 


Bull. Am. Phys. Soe 


and Schultz 
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TRON NUMBER 


hic. 3. Energies of first and postulated second excited states in 
for 88<N <114 with Z as a parameter 


even-even nuclei 


days) and Yb'™(7, 
other, 

In general, the lines may be attributed to activities of 
the following half-lives: 1.5, 1.9, 6.7 and 8 days; and in 
addition, half-lives on the order of 150 and 450 days. 
The latter two values have been confirmed by Geiger 


40.6 days) are consistent with each 


tube counting 

We may remark at this time that we did not find any 
evidence for the 3.7-hr Lu!” activity* which one might 
expect to be produced by Yb'7*(p,n)Lu!”®. 

Heydenburg and ‘Temmer' observed levels of 78 and 
110 kev by Coulomb excitation. They assigned the 
78-kev composite peak to the first excited states of the 
four even-A Yb isotopes and Yb'”. The 110-kev peak 
was assigned to Yb'”', which has a ground state spin 
of 4 and thus would be expected to have an anomalous 
level pattern. 

Our data suggest excited levels of 84.2 and 277.8 kev 
in Yb!”, levels of 78.65 and 260.2 kev in Yb'”, and a 
level of 76.6 kev in Yb', and possibly 78.8 kev in Yb!” 

The transitions assigned to mass 171 are those with 
decay rates corresponding to the half-life of 8 days 
quoted by Wilkinson and Hicks.* In this activity, there 
is a transition of 66.65 kev (M1+ £2) which may 
proceed between rotational levels. A transition of 66.6 
kev following the 6 decay of Tm'” has been observed 
by Smith ef al.“° Therefore, the mass seems to be well 
established 

We confirm the half-life*® of Lu'@(~1.4 yr) which 
decays by electron capture to Yb'™. On the basis of 
preliminary scintillation counter data, it appears that 
the transitions assigned this activity in Table V are the 
same as those observed in a well-aged Hf!” source 
produced by Lu'?*(p,3n), which decays to Lu’. 

As regards the Hf'*(24-hr)" activity, preliminary 


experiments indicate the existence of a number of 


85, 690 (1952 


“1 W. Mihelich and FE. L. Church, Phys. Rev 
107, 


4 Smith, Robinson, Hamilton, and Langer, Phys 
1314 (1957) 

§ Note added in proof 
definite 
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Recent data make these conclusions 
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gamma-ray transitions. There appears to be at least one 
well developed rotational sequence. 


SYSTEMATICS OF THE LEVELS OF 
EVEN-EVEN NUCLEI 


In Fig. 3 we have plotted the energies of the first 
excited states as a function of neutron number with the 
atomic number as parameter. It is clear that in the 
region of neutron number 94 to 108, the value of J, 
the moment of inertia (where 9 =/(/+-1)h?/2E, E being 
the energy of the level of spin /),”° has a dependence on 
the proton number for a given neutron number. This is 
particularly apparent at a neutron number of 96, where 
the atomic numbers are 64, 66, and 68. The lowest 
energy observed was that of 73.0 kev for ¢¢Dyos'™ 
Curves of a similar nature have been presented by 
Scharff-Goldhaber® and Hollander.‘ 


TABLE VII. Tabulation of transitions and ratios of level energies 
for postulated rotational levels in even-even nuclei as observed in 
this investigation 


Second excited level \ * ( Third excited level ‘ 


Nuclide nergy (ke ( First excited level First excited level 


Gd' 23.2 3.01 5.83 
l 


3 
& 
7 


1 
24 
347.0)° 
89.1 
199.4 
(296.7) 
(138.1) 
87.0 6.09 
197.5 
\ 297.6 
80.8 


184.8 
282.8 


73.0 
91.3 


Dy 164 
Er'™ 


80.7 
184.7 


Er! 


799 
184.6 


84.2 
193.5 
78 
181 


88.4 
202.0 


93.3 
213.5 


avel designations are probable 
evel designations are possible 
here are no multipole data for the transitions in parentheses 


46 G. Scharff-Goldhaber, Phys. Rev. 103, 837 (1956) 
‘7 J. M. Hollander, Phys. Rev. 103, 1590 (1956) 
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We have plotted in Fig. 3 the positions of postulated 
second excited states of even-even nuclei. These assign- 
ments are not “certain” but are ‘‘reasonable” in view of 
the £2 multipole character of the transitions, the transi- 
tion intensities, and the absence of any transitions 
corresponding to the sum or difference of the two 
transitions in question. We present those data, not as 
proof for any given nucléar model, but as an indication 
of what the level structure may be. 

The data for higher lying levels is more uncertain. The 
4+ transi 
tions are real transitions; the placing of the conversion 


transitions we designate as possible 64 


lines in a given activity is done only after careful 
consideration of activation yields, half-lives, etc. The 
true level designations await further (and difficult) 
experiments. It is not out of place to point out that, 
however, the rotational levels which may be indicated in 
these nuclei do obey rather well the /(/+1) energy 
relation. 
SUMMARY 

We have presented data which should be of use in 
level studies of neutron-deficient rare-earth nuclei. In 
particular, we have established the following new 
activities: Tb'®, Tbh!5>, Th!56™ Dy" Ho. oe, 
Ho!™, Er!" Yb!" and Lu'®, We have confirmed and 
improved the data on Tb'", Tb!™, Tb!*, Dy!®?7, Dy!™, 
mo”, He, He™ Ta, Tm, Tn”, Tan, La, 
Lu, Lu? Lu’? Lu’ and Hf”. Tables VII and VIII 
lists those transitions proceeding between rotational 
levels observed in this survey. The occurrences of 
several new isomers are discussed. We have plotted the 
positions of excited levels of even-even nuclei and are 
planning to extend our data toward isotopes of lower 
neutron numbers, i.e., nuclei which have less deforma 
tion, as well as to nuclei of higher atomic number. 
Scintillation-counter studies are now being made on a 
number of the longer lived activities, and will be 
reported at a later time. We are continuing this survey 
using recently available enriched isotopes, and are 
obtaining precise energy measures of transitions up to 
1600 kev. 
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VIII 


levels for odd 


rransitions proceeding between possible rotational 
{ nuclei studied in this investigation 


PABLE 


Ground 
State spin 


Energy 


Nuclide (kev Remarks 


Gd! 108.3 


Gd! 00.1 


rb! 00.76 


83.0 
143.9 


538.0 


See section on Ho!® 


23.0-kev transition very weak 


Anomalous level spacing 


*D. R. Spe Phys. Rev. 101, 1725 (1956); W. Low, Phys 
1409 (1956 
Deduced from energy ratio 

© J. kk, Mack, Revs. Modern Phys 

4M. Murakawa, J. Phys. Soc. Japan 11, 804 (1956 

© A. H. Cooke and J, G. Park, Proc, Phys. S« London 

‘K, Krebs and H. Nelkowski, Z. Physik 141, 254 
Physik 15, 124 (1954 


22, 64 (1950 


A69, 282 (1956 
1955) and Ann 
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Measurements of the elastic differential cross section for the scattering of protons by helium have been 
made at 12 energies between 11.4 Mev and 18 Mev. Ten scattering angles were used spaced at 15° intervals 
from 30° to 165° in the laboratory system; however, not all the angles were used at each energy. Standard 
gas-scattering techniques were employed. Scattered particles were detected by a scintillation counter and 
recorded on a 20-channel pulse-height analyzer. At nine of the scattering angles (165° excluded), smoothed 
curves of the cross section versus energy were plotted and values taken from these curves were analyzed in 
terms of S- and P-wave phase shifts. Two separate sets of S and P phase shifts intersecting at about 13 Mev 
were found. Least-squares fits are given for the solutions which are a continuation of phase-shift analyses 
at lower energies. Attempts to include D waves in the fits failed. There is evidence that D phase shifts remain 
less than about 8° up to 16 Mev; however, at 18 Mev it appears that some D wave may be required. Rough 


agreement with current polarization experiments is cited. 


I, INTRODUCTION 


EASUREMENTS of the differential cross section 
for the scattering of protons by helium have been 
made numerous times since 1949 in the energy range 
between 0.95 and 9.74 Mev.'-* The results have been 
‘| and these in turn 
16 


analyzed in terms of phase shifts 
have been discussed theoretically in several papers.” 

Last year the author published a cross section taken 
at 17.45 Mev" along with a set of phase shifts that 
almost fit the data but otherwise seemed unsatisfactory. 
‘The experiments described in the present paper were 
undertaken to bridge the gap between 17.45 Mev and 
the lower energy work with the hope of being able to 
follow the phase shifts up in energy without recourse to 
any model for the interaction. 


Il. EXPERIMENTAL PROCEDURE 


In a departure from the previous procedure of meas- 
uring the cross section of many angles at a fixed energy, 
the procedure here was to use a limited number of 


angles, which remained fixed, at several energies. 
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Figure 1 shows the scattering chamber and the arrange- 
ment used for observing scattering from a gas target. 
The chamber is 12 inches in diameter and has cylindrical 
ports 14 inches in diameter extending 2 inches beyond 
the chamber walls through which scattering is observed. 
On one side of the chamber ports are at angles of 30°, 
60°, 90°, 120° and 150°, and on the other side the angles 
are 12°, 45°, 75°, 105°, 135°, and 165°; the 12° port, 
however, was not used for cross section measurements, 

The usual practice in gas scattering is to define the 
thickness of the target and the solid angle subtended by 
the detector by a pair of slits in front of the detector. In 
this experiment these slits were mounted in a set of 
tubes that were plugged into the ports on the scattering 
chamber. The slit closest to the center of the chamber is 
a vertical rectangular opening of sufficient height that 
every point on the slit at the rear of the tube can see the 
full vertical extent of the proton beam passing through 
the chamber. This forward slit was placed so that it was 
flush with the wall of the chamber, that is, at a distance 
of about 6 inches from the scattering center. The rear 
slit was a circular hole placed at a distance of 6 to 8 
inches beyond the rectangular one. Sizes of the slits 
and the distances between them varied from angle to 
angle, the particular dimensions being chosen to obtain 
a reasonable counting rate at all angles. The width of 
the rectangular slit and the diameter of the circular hole 
were approximately equal for each angle, ranging from 
fs inch with 8 inches between slits for 30° where the 
counting rate was highest to 2 inch with 6 inches be- 
tween slits at 90° and 105° where the counting rate was 
lowest. The same combinations of slits were used at all 
energies. Slit dimensions were measured with a traveling 
microscope and the distances of the slits from the center 
of the chamber for the different angles were found using 
a variety of micrometers and precision vernier calipers. 
It is estimated that uncertainties in these dimensions 
contribute less than 0.1% to the uncertainties in the 
values obtained for the cross section 

At a scattering angle 6, the product of the thickness 
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of the gas target and the solid angle subtended by the 
detector as determined by the slit geometry is given 
approximately by (Ad/Rl) csc6, with A the area of the 
circular hole, d the width of the vertical slit, / the dis- 
tance between slits, and R the distance from the circular 
hole to the center of the chamber. Corrections to the 
cross section as calculated with this formula, due to the 
finite geometry and to the slope and curvature of the 
cross section with respect to the scattering angle, have 
been discussed in a paper by Critchfield and Dodder."* 
These corrections were applied, but in no case did they 
exceed 0.3% 

The tubes carrying the slits were mounted in the 
ports on the scattering chamber on a pair of O rings 
spaced 1% inches apart in grooves on the outer surface 
of the tubes. A ledge on the tubes provided radial posi- 
tioning; under the partial vacuum in the chamber, the 
ledges butted firmly against the ends of the ports. This 
arrangement was such that the same geometric situa- 
tion could be reproduced accurately on different occa- 
sions by merely plugging in the tubes. Scattering angles 
were determined by measuring the angle between a 
mandrel similarly mounted in one of the ports and a 
mandrel through the incident-beam collimation slits 
with a precision protractor. Errors in these measure- 
ments did not exceed +5 minutes of arc. 

Collimation of the incident beam was accomplished 


with two circular holes } inch diameter and 124 


inches apart along the beam tube from the cyclotron, 
and attached to the scattering chamber with the axis 


of the holes crossing the center of the chamber. The 
chamber and collimatdrs were placed so that the axis of 
collimation coincided with the line of maximum beam 
from the machine. A 2-mil aluminum foil over the 
collimator nearest the cyclotron sealed the gas in the 
chamber from the vacuum in the beam tube and served 
to spread the beam over the area of the second col- 
limator. ‘To obtain measurements at energies below 15 
Mev, additional polystyrene foils were added to this 
point to moderate the beam energy. A second 2-mil 
aluminum foil was placed about a foot farther up the 
beam tube to spread the beam and assure uniform 
illumination of the foils over the first collimator. Failure 
of the beam to be parallel with the axis of collimation 
would lead to a systematic error in all measurements; 
however, with the precautions taken it is felt that an 
error in scattering angles no greater than 7 minutes of 
arc resulted from this effect. An error of angle of this 
order would cause an error in the reported cross sec- 
tions of about 0.3% in the worst case. 

Scattered protons were detected in a sodium iodide 
scintillation counter, and the pulses were recorded on 
an Atomic Instruments 20-channel differential pulse- 
height analyzer. At large scattering angles, where the 
energy of scattered protons is low, it was necessary to 
4.4-Mev 


subtract background pulses due mainly to 


C. L. Critchfield and D. C. Dodder, Phys. Rev. 75, 419 (1949). 
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lic. 1. Schematic diagram of scattering chamber, showing 
setup for scattering at 45° and beam-energy measurement. Detail 
shows O-ring mounting of analyzing slit tubes. Slits labeled C are 


collimators, those labeled A are antiscattering slits 


gamma rays from graphite collimators. This was done 
by placing enough aluminum just in front of the counter 
then observing the back 
lower bombarding 
perform this 


to stop protons completely, 
ground spectrum alone. At the 
energies, it was not always possible 
subtraction with the desired accuracy, and consequently 
measurements at some of the angles were 
abandoned. Statistical 
background subtraction, amount to between 1% 


largest 
errors in counting, including 
and 
2.3% for all measurements. 

Commercial helium gas (refined for welding) proved 
to be of sufficient purity for the experiment, and no 
further purification was attempted. Cleanness of the 
proton spectrum at energies where elastic scattering by 
impurities would occur indicated that fewer than 0.1% 
of the recorded pulses were due to impurities. The 
density of the gas was found by measuring the tempera 
ture and pressure of the sample in the chamber. Pres 
sures ranging between 25 and 30 cm of mercury were 
measured with a mercury manometer, and the tempera 
ture was taken to be that of a thermometer laid on the 
lid of the scattering chamber. Negligible error is likely 
to have occurred in this procedure since the temperature 
of the room itself was stable within a few tenths of a 
centigrade degree. Pressure and temperature measure 
ments were usually recorded after the gas had remained 
in the chamber about half an hour 

Integration of the incident proton current was done 
by catching the beam in a Faraday cup and measuring 
the voltage developed across a calibrated polystyrene 
capacitor attached to the cup with a quadrant ele 
Calibration of the 
Bureau of Standards and that of the 
standard cell. 


trometer 
National ele 

trometer The 
chamber containing the Faraday cup was sealed from 
the scattering chamber with a 2-mil aluminum foil and 
evacuated to a pressure of around 107° mm of mercury 

The length of a particular run was set by the require 
ment that the voltage on the cup be no greater than 0.7 
volt. Because of this several runs were required at the 
to obtain the desired statistics. Sensitivity 


capacitor was by the 


was determined with a 


slower angles 
of the integration to the voltage on the cup was in 
vestigated by biasing the cup positive and negative and 
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observing the charge collected versus the number of 
protons scattered by a target into a monitor counter. 
During cross section measurements no secondary- 
electron suppression device was used, because it would 
have made measurements at some angles awkward. A 
correction to the data was determined, however, in 
subsequent monitored runs using a large alnico per- 
manent magnet with which a field of 500 to 1000 
gauss could be put across wide regions of the cup. The 
results of these investigations indicated that a sys- 
tematic error in the integration amounted to less than 
0.5%. Random errors in reading the electrometer were 


0.50 +2.1 


1 
I 


no greater than 0.3%. 

Proton beams of good intensity can be obtained from 
the Princeton FM cyclotron with energies between 15 
and 19 Mev. To obtain lower energies, it was necessary 
to insert foils at the previously mentioned location to 
slow down the protons. In such an operation, a spread 
is introduced in the proton energies in the beam which 
can lead to erroneous cross section measurements. 
However, the spread may be calculated from energy 
loss theory and the variation of the cross section with 
energy was known at each angle, so that a correction 
could be calculated for this effect. The correction proved 
to be less than 0.2% for the worst case. Skewness of 
the distribution of proton energies may also lead to 
errors, but in this case the difference between the mean 
energy and the most probable energy in the distribution 
was less than half the uncertainty of the energy meas- 
urements, and no corrections were considered. 


per sterac 


s 


Dart 


The energy of the incident beam was found by meas- 
uring the range in aluminum of protons scattered 
through the 12° port of the chamber by the target gas. 
Measured aluminum foils were inserted in front of a 
thin argon-filled proportional counter and integral range 
curves were determined. Ranges were converted to 
energies using the range-energy relations of Bichsel, 
Mozley, and Aron.” With this method, the mean inci- 
dent energy of the beam could be found within 50 kev; 
errors in the measurements probably did not exceed 
this value. The energy spread in the beam of the 
Princeton cyclotron is about 250-kev full width at half 
maximum being roughly Gaussian in shape.” The effect 
of this spread was considered with the corrections men- 
tioned in the preceding paragraph. Measurements of 
the energy were made three or four times during the 
course of an experiment at a particular energy. It was 
found that the energy remained stable within +50 kev 
during the course of experiments if the cyclotron was 
allowed to run about two hours before measurements 
were begun. All measurements listed for a particular 


ang 


-of-mass scattering 


energy were made after this stabilization period, and 


9 


+1 


101.9+1.8 


were completed before the cyclotron was shut off. The 


energies reported may therefore be considered to be 
accurate within +100 kev. 


180 


E> 
2™ 
36.72° 
S5.55° 
72.03° 


” Bichsel, Mozley, and Aron, Phys. Rey. 105, 1788 (1957) 
” G. Schrank, Rev. Sci. Instr. 26, 677 (1955) 
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The differential cross sections measured are listed in 
Table I together with the estimated probable errors. 
Center-of-mass cross sections and angles are given. 
Relativistic corrections were applied to the classical 
center-of-mass transformations; however, at these en- 
ergies they were hardly necessary, being of the order of 
0.5% and less. The over-all absolute accuracy of the 
experiment is estimated to be between + 2% and +3%. 

For the purpose of comparing these cross sections 
with the work at adjacent energies it is most convenient 
to use the dimensionless quantity k’a, k being the wave 
number of the incident protons and o the cross section. 
This takes out most of the energy variation leaving more 
slowly varying curves at each angle which may be 
easily extrapolated to observe agreement with the 
other measurements. The cross sections given here 
agree fairly well with those at 9.48 Mev’ and 9.747 and 
with the author’s own work at 17.45 Mev. The poorest 
agreement was at the 36.72° (c.m.) scattering angle 
where the extrapolated cross section lay about 5% 
below that reported at 9.48 Mev. This is within the 
sum of the reported probable errors for the experiments, 
however. At other angles the agreement seemed much 
better. With regard to the 17.45-Mev data, it should 
be stated that that cross section may be considered 
entirely independent of those reported in this paper 
since no apparatus, except the cyclotron, was common 
to the two sets of measurements. 

In the analysis of the data discussed below, the re 
ported cross sections themselves were not used, but 
rather graphs of k’a versus energy were plotted for each 
scattering angle, and values were taken from smooth 
curves drawn through the experimental points. Doing 
this served to smooth out random fluctuations in the 
measured values and allowed attention to be paid to 
the independent experiments at adjacent energies. Once 
such curves are drawn, there is no longer any reason to 
perform the analyses at the energy values at which the 
measurements were made; thus, in the work described 
in the following section, integral values of the energy 
in Mev were used. 


III. PHASE SHIFTS 


In proton-helium scattering, states of different total 
angular momentum, but with the same orbital angular 
momentum, scatter differently because of spin-orbit 
interaction. Thus, in an analysis of scattering data one 
expects to find one S phase shift, 69, two P phase shifts, 
the P, phase shift, 6,;*, and the Py, phase shift, 6,.-, 
which are, respectively, the phase shifts for partial 
waves with total angular momentum 3 and 3, two D 
phase shifts, 6.* for the Dy wave and 6, for the dD, 
wave, and so on, the number of partial waves con- 
tributing significantly to the scattering depending on 
the energy the energy range 
covered in these experiments it seems likely that D- 


of bombardment. In 


wave scattering should become important, Phase-shift 
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analyses of the data below 9.5 Mev* indicate D phase 
shifts of the order of a few degrees, and it may be 
expected that these remain small at least at the lower 
energies of the present experiment. On this basis, the 
procedure was first to fit the data as well as possible 
with S and P waves and then to investigate inclusion 
of D waves. 

Preliminary solutions with S and P waves were made 
following the procedure outlined by Critchfield and 
Dodder® in which the expression for the cross section 
in terms of the phase shifts is equated to the experi 
mental values of the cross section at the angles 54°44’, 
125°16’, and 90°, and the three equations are solved 
for the three phase shifts. This method has the ad 
vantage of not only finding initial values with which to 
start a least-squares fitting procedure, but also maps 
out the alternative solutions which fit the data but are 
not physically significant. Solutions were found using 
values taken from the k’o graphs mentioned above at 
12, 14, and 16 Mev, and were also found for the 5.78 
Mev data‘ and the 9.48-Mev data’ to establish con 
tinuity of sets of solutions. 

The angles 54°44’ and 90° are sufficiently close to 
two of the angles where measurements were made to 
make extrapolation of the values of k’a along the angular 
distributions from the measured angle to the angle used 
in the calculation reliable; however, the angle 125°16’ 
is almost midway between the angles 119.07° and 
132.02° where measurements were made. For 125°16’, 
k’a was interpolated between the values at these two 
angles under the assumption that the shape of the 
angular distribution in this region is about the same as 
at 17.45 Mev and 9.48 Mev where more complete 


experimental angular distributions are available. Justi 
fication for this procedure is in fact that S- and P-wave 
phase shifts found this way agreed with those found 
for least-squares fits to all the measured points 

In the procedure of Critchfield and Dodder, a trial 
S phase shift, 40, is chosen, introduced into the equations 


for the cross section at 54°44’ and 125°16’, and this 
pair of equations is solved for a pair of parameters, 6 
and p, related to the P phase shifts 6;* and 6,~. These 
two values are then introduced into the 90° equation 
and this is solved for the S phase shift. The procedure 
is repeated with a number of trial 69's for each of which 
a calculated 69 is obtained, and the solution occurs 
when the calculated 69 equals the trial 69. In general, 
there may be more than one solution. For each such 
solution the P phase shifts may be found by solving 
equations relating them to the parameters # and p 
Two sets of P-wave solutions are found for each S-wave 
solution corresponding to the inverted and normal 
doublet possibilities for the P states in Li®. The polari 
zation experiment of Heusinkveld and Freier” estab 
that 
actually occurring, and in Table II, in which the results 


lished the inverted doublet solutions are those 


1M. Heusinkveld and G., Freier, Phys. Rev. 85, 80 (1952) 
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TaBLe II. Inverted-doublet proton-helium phase shifts ob 
tained by Critchfield and Dodder’s three-point method for five 
energies, Set A is the physically significant one 


Energy ’ 

(Mey) be , bo 4;* 4; 
728 6 394" 

( 46.6 40.4° 

100.4° 54.5 

105.2° 60.5‘ 

110.0° 66.9 


5.78 ‘ 7 
9 4% 1 
120 
14.9 
16.0 


70.4 
15" 
70.8° 


of these calculations are given, only the inverted 
doublet solutions are listed. 

In practice it is most convenient to work with Critch- 
field and Dodder’s parameter a which is closely related 
to 69 rather than with 69. Solutions were found by 
plotting the assumed cosa and the calculated cosa 
against the assumed a and looking for intersections of 
the two curves (it turns out that for most a’s the 
calculated |cosa|>1). For the energy region investi- 
gated, the calculated cosa curve is concave away from 
the a axis while the assumed cosa curve is, of course, 
concave toward the @ axis, and the two intersect at 
nearby points. At 9.48 Mev these two points are closer 
together than at 5.78 Mev, and at 12 Mev there is no 
intersection at all, However, at 14 Mev there are again 
two intersections which are in turn wider spaced at 
16 Mev. A similar situation occurred at 2.53 Mev in the 
work of Critchfield and Dodder, and the interpretation 
here is as there that two sets of solutions intersect, the 
physically significant a changing from the larger of the 
pair to the smaller of the pair. At the actual point of 
intersection of the two sets of phase shifts, the two cosa 
curves should be tangent. The failure of these curves to 
touch at 12 Mev is probably use to experimental un 
certainties in the measured cross sections; actually at 
this energy the curves came very close together. It 
should be remarked that it is also impossible to obtain 
solutions by using the 9.48-Mey data as it was reported. 
The solutions given in Table IT were found by reducing 
this cross section by 24%, which is within the estimated 
probable error reported for that experiment. If one 
accepts the conclusion of the present work that the D 
phase shifts remain small up to 18 Mev, he might then 
conclude that the 9.48-Mev data is systematically high 
by a percent or two. That the two possible sets of phase 
shifts do cross over is also borne out in examination of 


the energy variation of the P shifts as well as that of 


various parameters occurring in the course of the 
solutions, 

The phase shifts calculated by this method are given 
in Table II, in which only the inverted doublet solu 
tions for P phase shifts are listed. Set A in the table is 
the physically significant one which corresponds to 
Dodder and Gammel’s A at 9.48 Mev and 
their solution at 5.81 Mev. At 12 Mev, where there was 
no intersection of the cosa curves, the value of a used 
was that corresponding to the closest approach of the 


solution 
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two curves to each other. It should be noted that 
solution B at 9.48 Mev is not Dodder and Gammel’s 
solution C which occurs at a still different intersection 
of the cosa curves. 

Least-squares fits to the data in terms of S and P 
waves were found with an IBM 650 data-processing 
machine by employing an iterative procedure in which 
the phase shifts were changed from an initial value 
along the line of maximum gradient of the relative 
deviations from the experimental data. In this calcula- 
tion the criterion of convergence of the phase shifts to 
the values providing a least-squares fit was that the 
change in all phase shifts from one iteration to the 
next be less than 0.1°. The data used in the calculation 
were taken from the k’o curves at 12, 13, 14, 15, 16, 17, 
and 18 Mev. Only nine of the experimental scattering 
angles were used, measurements at 169.05° being ex- 
cluded because of the limited number of observations 
at that angle. The calculation at 12 Mev did not con- 
verge but rather oscillated between two nearby values. 
This behavior is not surprising since it was seen in the 
above discussion that this energy is at, or near, the 
crossing of two separate sets of solutions. Random 
errors in the measurements probably prevent conver- 
gence to the one set or the other. At 13 Mev only one 
solution was found, and at 14 Mev and higher conver- 
gence could be obtained to either set A or set B of the 
solutions obtained by solving the equations by the 
Critchfield and Dodder method. This indicates that the 
cross over of solutions probably occurs closer to 13 
Mev than it does to 12 Mev. 

The results of these calculations are given in Table 
III. For each energy the phase shifts” providing least- 
squares fits are given along with the experimental k’o 
values and the percent deviation of the calculated k’a 
values from these. Only the physically relevant phase 
shifts are given, i.e., those corresponding to set A. At 
12 Mev the solution given is the closest fit in that 
branch of the oscillation corresponding to set A. It is 
seen that in general the calculated cross sections differ 
from the experimental cross sections by values within 
the estimated experimental probable error except at 
12 Mev. The large deviations at that energy are 
probably due to improper extrapolation of the k’o 
values at 156.87° and 169.05° from the higher energy 
data. In the over-all picture the fits seem quite good. 

Attempts were made to include D-wave phase shifts 
in the least-squares fit. In doing this, no program was 
written for the situation where the D; and Dy phase 
shifts are locked together, but only for the case where 
they could take on separate values. This work was not 
successful, for in almost every case the fitting pro 
cedure diverged. A possible explanation for this is that 
in view of experimental errors, only nine scattering 
angles do not sufficiently overdetermine a fit in terms 

™ S phase shifts are given as negative following the custom of 


previous work; however, there is reason to believe that the true 
values are obtained by adding 180°. See references 14 and 16, 
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Tase III. S and P phase shifts providing least-squares fits to experimental data at several energies. Experimental 4° values and 
percent deviation of cross sections calculated from phase shifts from the experimental cross sections are given as a function of center-of 
mass angle and laboratory energy. The rms deviation is included for each energy 
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of five parameters to prevent excessively large incre- 
ments in the phase shifts from occurring between suc- 
cessive iterations. 

A somewhat different approach to the problem of 
finding D phase shifts was made as follows. The set of 
phase shifts (60,6,+,6, ; 69',é2°) provides a reasonably 
good fit to the data when do, 6;*, 6;> are those found 
above and 6,* and 6,” are zero. ‘The question now arises 
whether a set of phase shifts with 6, and 6° not zero 
and with different S and P phase shifts will fit the 
data equally well. In energy regions where the D phase 
shifts are small, the change in 60, 6;*, 6,” will also be 
small. Let this set of phase shifts be denoted by 
(6o+Abdo, 5:++A6,+, 55> +A6;-, Ad,+, Ady”). Using a 
linear approximation, a condition that must be satisfied 
for equally good fits of the two sets of phase shifts is 
that the expression, 

0a da da i da 


Aéby+ Aé,*+ Aé;~ +4 Ab2* + 
06, 06;4 06; 065+ Ob» 


Ab, 


be zero or very small for each of the data points. In 
this expression, o is the cross section and the derivatives 
are evaluated at the initial point (60,6:7,6;°,0,0). Ex 
pressions of this type were examined closely at 13 Mev 
and 16 Mev to determine what departure from the S- 
and P-wave fits could be made to include D-wave 
effects. Only a very few departures looked remotely 
possible at all, and those that looked fair at the one 
energy looked poor at the other. These served as 
starting points for five-parameter least-squares fits, 
but in every case there was divergence. At both of these 
energies it was never possible to change any phase 
shift by more than eight or ten degrees and making the 
best possible compensating shift with the rest of the 
phase shifts without ruining the three-parameter fits. 
The conclusion drawn from these investigations is that 
either the D phase shifts remain small (less than about 
8°) throughout the energy region, or that the D-wave 
departure occurs at lower energies and that second and 
high order terms contribute to the above expression in 


1.26 1.09 1.62 


such a way as to allow equally good three- and five 
parameter fits. This latter possibility seems unlikely 
especially in view of the good three-parameter fits 
which, moreover, agreed with the solutions obtained 
with the three-point Critchfield and Dodder method. 

A graph of the S and P phase shifts, including those 
at lower energies, is shown in Fig. 2. In this graph the 
negative of the S phase shift is plotted. The lines 
drawn through the points have no significance. The 
values plotted would appear to be good to within +7°, 
which is about the amount any particular phase shift 
may be changed with compensating changes in the 
others without destroying the fit. Reservations to this 
statement are to be made 
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S and P phase shifts resulting from least-square 
Points below 10 Mey are taken 





1006 KARL W. 
Tasie IV. Experimental and calculated cross sections 


for the 17.45-Mev data. 
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Il 
do 85.7 
6i* 94% 
6; 53.2 


Jem 
calculated 
(mb/sterad) 


2394 
1198 
702 
476 
363 
303 
250 
230 
217 
209 
196 
180 
161 
142 
122 
102.6 
84.2 
67.4 
52.3 
39.4 
28.7 
17.4 
10.6 
7.50 
7.47 
990 
16.2 
24.3 
28.5 
32.6 
40.1 
15.9 
47.6 


Fou 
experimental 
(mb/sterad ) 


Com 
calculated % % 
(mb/sterad) Viation 
2263 
1106 
632 
420 
316 
263 
220 
206 
199 
194 
144 
170 
154 
136 
117 
98.5 
81.0 
OAK 
50.4 
38.1 
27.8 


Gem 


de grees) dev 


lation 


6.38 4.6 
7.62 
8.87 
10.11 
11.36 

12.0 
15.0% 
17.56 
21.28 
24.9% 
31.13 
$7.23 
43.29 
49.28 
55.20 
61.05 
66.82 
72.50 
78.09 

83.58 

KK.96 

96.31 

103.46 

110.38 

117.08 

123.58 

132.49 

141.06 

145.20 

149.2% 

157.22 

164.96 

168.01 


2510 
1200 
700 
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465 
30% 
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235 
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1k6 
165 
140 
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98.2 
79.9 
64.7 
48.8 
37.0 
27.1 
16.7 
10.4 
7.57 
7.04 
10.2 
16.0 
23.1 
27.5 
$1.2 
39.3 
45.4 
459 
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It is of interest to compare these results with the 
more complete angular distribution at 17.45 Mev. The 
comparison is made two ways. First, phase shifts in- 
terpolated between the 17 Mev and 18 Mev solutions 
described above were used to calculate a cross section, 
and second an S and P least-squares analysis was made 
on the 17.45-Mev data. In this latter calculation, how- 
ever, it was not possible to fit all angles at once because 
the code written for the calculating machine would 
handle only ten angles at a time. Consequently, the 
33 angles of that experiment were split into four groups 
of ten spaced more or less evenly through the range of 
angles (some angles being repeated in some of the 
calculations) and the least-squares procedure was car- 
ried out on each group. The resulting four sets of phase 
shifts were averaged and a cross section was computed 
for the averaged values, The results are listed in Table 
IV. Here, along with the experimental cross section, 
are given in the columns labeled I the interpolated 
phase shifts, the cross section calculated from them, 
and the percent deviation from the experimental cross 
section, and in the columns labeled II the averaged 
phase shifts fitting the 17.45-Mev data with calculated 
cross section and deviations. 

It is seen that in the range of angles below those of 
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the present experiment, the fit with set I of the phase 
shifts is particularly poor while set II, though giving a 
better over-all fit does not agree very well in certain 
other regions. In the first case it appears that the data 
suffer from the lack of measurements at forward angles 
leaving set II more acceptable. On the other hand, the 
strong systematic deviations in the fit of set II suggest 
that higher order partial waves are necessary. However, 
from considerations similar to those mentioned earlier 
it appears unlikely that D phase shifts exceed 10° in 
magnitude. The averaged phase shifts, set II, are also 
plotted in Fig. 2 at 17.45 Mev. A line through those 
points lying more or less parallel to those drawn and 
connecting with the lower energy phase shifts would 
give values that are probably within +10° of being 
correct. 

Once phase shifts are known, the polarization of 
protons to be expected in proton-helium scattering may 
be calculated. For phase shifts along the lines in Fig. 2 
the polarization at the center-of-mass angle of 78° has 
a value of +70%” at 11 Mev and decreases mono- 
tonically to a value of +57% at 15.5 Mev. 

In polarization experiments currently in progress by 
the author, polarizations of this magnitude and energy 
variation have been observed at this scattering angle. 
Also polarizations of the order of the calculated values 
of + 20% and —94% have been observed at the center- 
of-mass angles 37° and 128°, respectively. At the pres- 
ent, the measurements are not sufficiently definite to 
state more than that a rough agreement exists; how- 
ever, this agreement indicates that there is probably 
no very large variation of the D phase shifts in this 
energy region. A complete discussion of the polariza- 
tion experiments and their results is intended for a 
later paper. 

It has come to our attention that least-squares fits 
to the 17.45-Mev data including D waves have been 
recently made at Los Alamos.” Four sets of possible 
phase shifts were found, one of which agrees roughly 
with the phase shifts and polarizations reported here. 
These results are surely the best solution to the problem 
and the work described in this paper can serve as an 
aid to extrapolation to the more exact lower energy 
work. It is of interest that the D phase shifts found 
were of the order of 10°. 

I would like to thank Mr. Ezra Shahn for his assist- 
ance during the running of the experiment and for his 


help with some of the tedious desk calculations, and 


Mrs. Mary Ann Brockman who programmed and 
assisted in running the least-squares procedure on the 
IBM 650. The machine calculation was carried out by 
using the facilities of the IBM Service Bureau Corpor- 
ation in New York City. 

% The sign of the polarization here agrees with that given by 
Critchfield and Dodder (reference 9). It is positive if the polariza 
tion vector is in the direction of KyoareX Kine, Where Kgoate ANd Kine 


are the scattered and incident wave vectors 
“KR. M. Thaler and J. L. Gammel (private communication). 





PHYSICAL REVIEW VOLUME 


108, 


NUMBER 4 NOVEMBER 15 


Positions and Widths of O'’ Levels from 4- to 6-Mev Excitation* 


CORNELIUS P 


Brownet 


Physics Department and Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 


(Received August 5, 1957 


The O'*(d,p}O" reaction was used to measure the positions and widths of O' levels from 4 


to 6- Mev 


excitation. Proton spectra were obtained at high resolution with a broad-range spectrograph. This instrument 
accurately measured the widths and shapes of the energy distributions of the proton groups arising from the 
wider levels. Disagreements among other experiments concerning the O"' levels are explained in terms of the 
large difference in level widths. A comparison of these directly measured widths is made with those obtained 
from neutron scattering experiments. The observed shape of the energy distribution is that predicted by 
resonance theory. The 0.87-Mev level is found to be single rather than double as recently suggested. Ex 

citation energies obtained (in Mev) are 0.871+0.004, 3.055+0.004, 3.846+0.005, 4.5534-0.006, 5.083 


+0.010, 5.215+0.005, 5.378+0.007, 5.6954-0.005, 5.73140.005, 5.8664-0.005, 5.9440.015 
levels 4, 5, 7, and 11 are (in kev) 4045, 954-5, 28+7, and 23+-10, respectively 


less than 8 kev. 


I. INTRODUCTION 


HIS work was undertaken to resolve disagree- 
ments among previous experiments concerning 
the positions and widths of the nuclear levels of O! 
above 4-Mev excitation energy. The levels lying below 
4-Mev are well known; the best excitation values come 
from results of an experiment using the O'*(d,p)O" 
reaction.’ Information about levels above 4-Mev comes 
from three different reactions. These are, the F!"(dja)O"” 
reaction, the O'%(d,p)O" reaction and the O"* total cross 
section for neutron scattering. 

By use of photoplate techniques and a deuteron 
energy of 7.86 Mev, the energies of @ particles and 
protons, respectively, from the first two reactions have 
been measured.? The results from the two reactions 
agrecd fairly well within the rather large (20 to 60 kev) 
uncertainties. A magnetic spectrograph was used’ to 
analyze the @ particles from the first reaction to obtain 
more accurate values for the excitation energies and a 
measure of the level widths. In this experiment three 
new levels were seen but one previously observed level 
was not reported. The neutron scattering data* measure 
positions and widths precisely but disagree with the 
second experiment as to most of the widths and fail to 
show one of the levels. These data will be discussed and 
compared with the present results in a later section. 

The MIT broad-range magnetic spectrograph® proved 
to be an ideal instrument for studying the proton spec- 
trum from the O!%(d,p)O" reaction because it could 


* Supported in part by the joint program of the Office of Naval 
Research and the U. S. Atomic Energy Commission 

t Most of the data analysis and calculations appearing in this 
paper were carried out at the author’s present address, the 
University of Notre Dame, Notre Dame, Indiana 
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478 (1951). 

7H. A. Watson and W. W 
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Miller, Adair and Barschall, Phys. Rev. 84, 69 (1951 

°C. P. Browne and W. W. Buechner, Rev. Sci. Instr. 27, 899 
(1956) 
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Ihe other levels have widths 


record all proton groups leading to the O" levels in 
question simultaneously and with high dispersion and 
negligible instrumental aberration. It became apparent 
in the course of the work that much of the disagreement 
in previous experiments arose from large differences in 
widths of the various nuclear energy levels. The broad 
range spectrograph permitted both the widths and the 
positions of the levels to be measured accurately 


II. PROCEDURE 


The procedures involved in taking data with the 
broad-range spectrograph and obtaining from the data 
the energies of the observed particles have been dis 
cussed previously.’ In this experiment thin targets of 
solid oxide on Formvar backings were used, Either 
metallic lithium or iron was evaporated and then al 
lowed to oxidize, or SiOg was evaporated directly. ‘The 
slit settings on the beam-analyzing magnet determined 
an energy spread in the deuteron beam of 0.1% and 
defined a target spot 4 millimeter wide in the energy 
dependent direction, This spot served as the object for 
the spectrograph. Bombarding energies ranged from 
6.5 to 7.5 Mev; angles of observation were 30°, 60°, 70°, 
and 90° with respect to the incoming beam. For ob 
servation at 30° the target was so set that particles 
collected had passed through the target whereas at the 
other observation angles particles from the front face 
of the target entered the spectrograph. 

Identification of the observed particle groups with 
the proper nuclear reaction is based on the observed 
change in energy of the emitted particles with a change 
in bombarding energy or observation angle and a com 
parison of the spectra from the different target 
materials 

In calculating the energy of an observed particle 
group that comes from a nuclear level with an appre 
ciable natural width, a procedure must be used that i 
somewhat different than that used for a group from an 
exceedingly narrow level. In the latter case the shape 
target and 


of the observed peak is determined by 


instrumental effects only, and the point on the peak 
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whose position is least sensitive to these effects, namely 
the point at one-third maximum, is chosen to represent 
the peak position on the plate-distance scale. This point 
is obviously unsuitable for the present case, where the 
observed width arises mainly from natural level width. 
The procedure used was to determine the position of 
the center of the peak and add to this the distance from 
the center to the one-third height point for the polonium 
alpha-particle peaks used to calibrate the spectrograph. 
As the energy equivalent of the half width of the cali- 
bration peaks is about 2 kev, the error involved in this 
transformation of calibration from one-third height 
position to peak center position should be no more than 
a fraction of a kev 

In order to obtain the natural level width from the 
width of the group of emitted particles on the nuclear 
track plate, the various factors contributing to this 
observed width must be known. These include energy 
spread of the incoming beam, energy loss in the target, 
finite size of the target spot that forms the object for 
the spectrograph, spread in angle of observation, 
fluctuations in the magnetic fields of the beam-analyzing 
magnet and the spectrograph, and aberration in the 
spectrograph focus. The relative effect of each of these 
depends, among other things, on the dispersion and 
magnification of the spectrograph. The magnitude of 
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each of these effects has been measured or an upper 
limit set for the conditions under which these data 
were taken. 

Under the conditions existing for this experiment the 
only significant contributions to the line width were 
the spread in incoming beam energy, the target spot 
size, and the energy loss in the target. 

In the runs made to determine widths, the targets 
were thin enough for the loss in energy in the target to 
be negligible. This was shown (1) by the fact that the 
energy spread of relatively low-energy proton groups 
from some of the more highly excited levels was no more 
than that of relatively high-energy proton groups from 
the lower levels, and (2) by the fact that widths 
measured at 30 degrees, where all particles passed 
through the target, agreed with widths measured at 
other angles, where the spectrograph took particles 
from the front face of the target. 

Four of the O'7 levels were found to have widths 
greater than the lower observable limit. In the case of 
two of these levels the natural width was so much 
larger than the instrumental width that the latter 
became negligible. The instrumental widths contributed 
a significant amount to the observed width in the other 
two cases but even here it was a small fraction of the 
total. 
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1. Spectra of protons emitted at 90° from a LiOH on Formvar target bombarded with 7.01-Mev deuterons. The magnetic 


field settings for the two plots were such as to cover different ranges of proton energies 
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For the purpose of subtracting the small instrumental 
width, a Gaussian curve may be used as a good approxi- 
mation to the true resonance curve. The observed width 
is then taken to be the square root of the sum of the 
squares of the natural and instrumental energy spreads. 

The two important factors in the so-called instru- 
mental width are the object size and the energy spread 
of the incoming beam. The object size alone gives a 
rectangular distribution to the particles in the image. 
This known distribution is taken out of the observed 
approximately Gaussian distribution by use of curves 
obtained by numerical integration of the combination 
of rectangular and Gaussian distributions. The re- 
maining distribution is ascribed to the various energy 
spreads. The instrumental energy spread found from 
the ground state group and groups from other sharp 
levels is then subtracted as a Gaussian from the total 
energy spread to leave the natural energy distribution. 


III. RESULTS 


A. Level Positions 


Typical plots of the proton spectra obtained appear 
in Figs. 1 and 2. Figure 1 shows the results of two 
exposures made at a 90 degree angle with 7.0-Mev 
bombarding energy on a LIOH target. The lower plot 


Spectra of protons emitted at 30° with 7.49-Mev bombarding energy 
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covers the region of excitation in O" from the ground 
state to’3.85 Mev and the upper plot covers the range 
from 3.8 to 6.2 Mev. The region of particular interest 
in this experiment is that covered by the upper plot 
The data in the lower plot were taken for comparison 
with previous results! and to obtain the instrumental 
widths for the ground state and first three excited state 
groups. 

In both plots the groups leading to O' levels are 
identified in order of increasing excitation energy by 
numbers beginning with zero for the ground state 
Other proton groups appearing on the lower plot arise 
from the C#(d,p)C™ reaction, the C(d,p)C™ reaction, 
and the Li®(d,p)Li’ reaction. Other groups in the upper 
plot are elastically scattered protons from the con 
taminating beam of molecular hydrogen which is mixed 
with the deuteron beam. All the groups except those 
leading to O" are labelled with the symbol of the 
residual nucleus. The groups associated with reactions 
with carbon show double peaks because of the presence 
of carbon contaminating the target material as well as 
carbon in the Formvar target backing. Figure 2 shows 
two plots of data taken at 7.49 Mev and 30 degrees 
with a LIOH target and with a SiO, target. These 
spectra cover the region of excitation from about 4 
Mev to 6.8 Mev. The groups leading to O'” are num 
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TABLE I. Q values and excitation energies. 


7494 
60” 
LiOH 


Bombarding energy (Mev 
Observation angle 
Target 


xNA Ue wr oS 


— 


10 
11 


* I-xcitation energies adjusted by 0.0025 Mev (see 
» Values given are for the center of the observed wide group (see text). 
* Group obscured by groups from other reactions 


bered in the lower plot. The presence of the same 
groups with the same relative intensities in the upper 
spectrum where a different target was used helps to 
confirm the identification, Both plots show a broad, 
extremely intense group of knock-on protons from 
deuteron scattering of the beam by hydrogen in the 
target backing and groups from elastic scattering of the 
molecular hydrogen beam. As in Fig. 1 these are labelled 
with the symbol of the scattering nucleus. The seventh 
()'? level is obscured by these groups at this angle and 
bombarding energy. A group from the C#(d,p)C%* 
reaction leading to the 6.86-Mev level in C" is seen at a 
plate distance of 18 em. On the lower plot a broad 
group from the Li®(d,p)Li’™ reaction leading to the 
7.46-Mev level of Li’ is seen at a plate distance of 52 
com, The weak, unlabelled groups seen only in the upper 
spectrum presumably are groups from silicon. 

The best for all the O 7 levels 
observed are listed in Table I along with the corre 
Data from 
other runs with thicker targets aided in identification 


Q values obtained 
sponding calculated excitation energies 
of groups but were not included in the QO value averages. 

In calculating excitation energies the usual procedure 
is to subtract from the O value the ground state Q value 
Pan.r Il 


Relative intensities 


Bombarding energy (Me. 
Observation angle 


7495 6495 
40 r 30° 
LiOH 
0 Ey 


Average 
excitation 
energy 
(Ea) yy 


0.871 +0.004 
3.055+0.004 
3.846+-0.005 
4.553+-0.006 
5.083+0.010 
5.215+0.005 
5.378 +4-0.007 
5.695 +0.005 
5.731 40.005 
5.866+0.005 
5.94 +0.015 


2.63% 
3.171 
3.298 
ri 

3.779 5.695 
3.816) (5.732) 
3.951 5.866 


4.554 
5.087 
5.214 


2.635 
3.173 
3.300 


4.551 
5.089 
5.216 3.297 
3.461 
—3.779 
3.815 
3.946 
4.02 


ec 
3.780 


5.696 


C 
3.950 
4.03 


5.866 
5.95 


observed at the same bombarding energy and angle of 
observation. Errors caused by uncertainty in bom- 
barding energy and by energy loss in possible surface 
layers on the target tend to cancel out in this way and 
the excitation energy is more accurate than the Q value 
itself. In the present experiment the ground state Q 
value was accurately measured in one run only. Further- 
more, in the runs at 30° where particles passed through 
the target, energy loss in the target introduced some 
uncertainty in the Q value. All runs give the spacing 
between the observed levels to high precision but when 
taken separately give no more accurate values for the 
excitations than for the individual Q values. For this 
reason the sum of the Q values for levels (4), (6), (8), 
and (10) observed in a given run was compared with 
the sum of the O values for the same levels from the 
run in which the ground state group was measured. In 
two runs a small (2.5 kev) adjustment was made in the 
excitation energies to bring these sums into agreement. 
In other words the run in which the ground state group 
was observed served to give the energy difference 
between the ground state and the average position of 
the group of levels here observed whereas all the runs 
were used to find the spacings of these levels. The runs 
for which adjustments were made are noted in Table I. 

The individual O values from the various runs agree 
well and the sums of the Q values agree excellently. The 
fact that the various runs were taken over a period of 
nearly two years and under various conditions gives 
added confidence in the accuracy of the results and the 
probable errors given in the table. 


B. Intensities 


No effort was made in this experiment to measure 
absolute cross sections or angular distributions. The 
broad-range spectrograph, however, automatically pro- 
vides an accurate measure of the relative intensities of 
all groups recorded on one exposure. The relative in- 
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TABLE III. Level widths.* 


Level 
Observation 
angle 
(degrees 


Bombarding 
energy 


(Mev) ATo 


7.011 90 90.0 


7.006 70 

7.494 0 

7.495 30 96.0 

7491 30 103.7 

6.495 30 4: . 95 
Average 


® All energy spreads are in kev 


tensities of the groups observed at each bombarding 
energy and angle are listed in Table II. The intensities 
are abritrarily referred to the level of lowest excitation 
observed in each case. Thus numbers in different col- 


umns have no relation to one another. 

It was difficult to observe the weak proton group 
corresponding to the level previously reported’ near 
5.94 Mev. A weak group appears at the proper position 
on some of the exposures but the small number of 
tracks above background plus the appreciable width 
of the group reduce the accuracy of the measurement of 


position and intensity. 

No other groups that could be ascribed to oxygen 
were seen. The upper limit of intensity of other groups 
was about 10% of the intensity of level (4). 


C. Level Widths 


In observing the widths of the groups, shown in 
Figs. 1 and 2, two of the spectrograph characteristics 
should be borne in mind. First, it is the ratio AE/E, 
where £ is the group energy, that is fixed for a given 
position on the plate (given trajectory radius) and 
second, this ratio varies markedly from one end of the 
plate to the other. The first fact means that for a given 
spread in energy the group width on the plate is larger 
for a lower energy group and the second fact means that 


a given particle group has a greater width when placed 
at a larger trajectory radius. 

It is immediately obvious from the spectrum plots 
that the O'7 levels labeled (4), (5), and (7) have an 
appreciable natural width. The presence, on the same 
plate, of narrow groups from levels of higher excitation 
shows conclusively that the observed width arises from 
natural level width rather than from instrumental 
effects. 

Table III gives the data on the widths of levels (4), 
(5), (7), and (11). The column labeled A7'> gives the 
energy spread equivalent to the observed half-width 
of the emitted particle group, the column labeled AT'y 
gives the part of this energy spread associated with the 
natural level width, i.e., the result of subtracting the 
instrumental widths by the process outlined in the 


section on procedure, and the column labeled AQ gives 


ATw ATo ATwN AQ 
(20) 


30.1 


(19) 


29.7 


(20) 
34.0 


89.5 


95.4 
103.5 
95 


the width of the nuclear energy level calculated from 
ATy. The averages of the various runs are given 
together with the probable errors. 

All other levels measured appear to have widths less 
than the instrumental width. In view of the recent 
suggestion® that there may in fact be two levels sepa 
rated by 11 kev at the position of the first excited state 
of O', 
this level. Figure 3 is a large-scale plot of the particle 
groups corresponding to the first excited state, and to 
the ground state. It is seen that the shapes and widths 
of the two peaks are essentially identical. ‘The energy 


it is of interest to examine the present data on 


in kev equivalent to the observed half-width corrected 
for the finite source size is given in the figure. Here the 
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source size contributes appreciably to the observed 
width. The spread in energy of the incoming beam 
required to give the average energy spread of 6.4 kev 
in the emitted particle groups is 7.6 kev. This agrees 
excellently with the figure of 7.0 kev calculated from 
the slit settings of the beam-deflecting magnet. 

Since the excited state group and ground state group 
lie close together on the same nuclear track plate, the 
conclusion drawn from the similarity of shape and 
width is independent of the details of correction for 
source size, etc. It is apparent that the peak corre 
sponding to the excited state is a single group of par- 
ticles. If there is a second level 10 kev or more from this 
one it contributes less than 47 to the observed in 


A leve | as 


of the observed intensity would be seen through an 


tensity close as 5 kev and contributing 209% 


appreciable broadening of the peak. 


The upper limit for the widths of other O" levels 
observed here is estimated to be 8 kev. 


IV. DISCUSSION 
A. Level Shape 


The ability to record an entire particle group simul 
taneously with high resolution makes it possible to 
observe directly the energy distribution of particles 
emitted in the formation of a wide nuclear level and 
‘| he 
particle groups from the 4.5- and 5.0-Mev levels in O'" 
were sufliciently wide compared to the instrumental 


hence to measure directly the level “shape.” 


P. BROWNE 


effects and also sufficiently intense to give good repre- 
sentations of the natural energy distributions. 

It is particularly interesting to compare results so 
obtained with theoretical expectations for the shape 
and with the level widths obtained from neutron 
scattering. Although the theory has not been developed 
for the general case of charged particles emitted in a 
nuclear reaction, a good approximation should be given 
by existing resonance theory, for levels with widths of 
the order of magnitude under consideration here. Above 
4.14 Mev ©!" is unstable to neutron emission, so the 
two levels in question decay predominantly in this way. 
Thus, the partial width for neutron emission may be 
taken as the total width. To a first approximation the 
variation of this partial width over the relatively small 
energy spread of the levels may be ignored. The energy 
distribution curve for the emitted neutrons in the decay 
of O' should then be of the form 1/[(E—£,)?+4T?] 
where I’ is the total width, # is the neutron energy, and 
E, the resonance energy. The probability for formation 
of the state from the compound system (F!*) is as- 
sumed constant for the relatively small change in the 
energy of the emitted proton across the width of the 
residual level. The energy distribution of the protons 
leading to the O" level should have the same form but 
be reversed with respect to the resonance energy 
because the sum of the energies of the proton emitted 
in formation of the level, £,, and the neutron emitted 
in the decay, E,, is a constant. E,+L,= £a+Q=con- 
stant, where Q represents the energy difference between 
the initial particles, O' and the deuteron, and the fina] 
particles, O'*, the neutron and the proton. Fq is the 
energy of the bombarding deuteron. The small variation 
in the recoil energy of the residual ©'* nucleus is 
neglected, 

Large-scale plots of proton groups leading to the 
4.5- and 5.0-Mev levels are shown in Figs. 4 and 5 
respectively. These plots are taken from the run giving 
the highest intensity where the statistical uncertainties 
are small. These uncertainties are indicated on repre- 
sentative points on the plots. By using the very nearly 
linear variation of energy with distance along the plate, 
the abscissas have been labeled with the corresponding 
proton energies. The solid curves are calculated from 
the resonance formula given above with I’ and £, read 
from the experimental plot. 

It is seen that the resonance curve in this approxi- 
mate form fits the data very well. The deviation on the 
low-energy side of the 5.0-Mev level may be caused 
mostly by the superimposed weak silicon group and the 
tail of the intense 5.2-Mev level. A similar plot of data 
from a LiOH target gives a better fit down to the 
position of the 5.2-Mev level. 

The two levels in question are not far above the 
neutron binding energy so the neutron width will vary 
considerably across the levels. A better approximation 
of the expected shape may be made by computing this 
variation, From the neutron scattering data it is known 





POSITIONS AND 
that the orbital angular momentum of the outgoing 
neutron is given by /,=2 for the 5.0-Mev level and 
1,=1 for the 4.5-Mev level, so the penetration factors 
vm may be evaluated. The neutron width I’, has the 
form I',=2k»Rvinyn where y, is the reduced width, 
here assumed constant, R is the interaction radius and 
k,, is the wave number of the neutron. The number of 
neutrons emitted as a function of energy is then pro 
portional to ',/[ (#—£,)’+ 41? ]. The proton spectrum 
will again have this shape but will be reversed with 
respect to the resonance energy. The resulting curves 
are shown on Figs. 4 and 5 as dashed lines. The shape is 
almost indistinguishable from that obtained by neg- 
lecting the variation in neutron width. A. slightly 
different value for Z, must be used in the resonance 
formula to obtain a fit, which means that the center of 
the observed peak should not be used in calculating the 
level position but rather this latter value of E,. The 
difference amounts to about 7 kev in the case of the 
5.08-Mev level, and about 1.5 kev in the case of the 
4.55-Mev level. This would give values of 5.081 and 
4.550 Mev for the excitation energies calculated for 
these particular groups rather than the values listed in 
Table I. 

Inclusion in the resonance formula of the term’ 
giving the variation in the ‘formal resonance energy”’ 
makes a negligible change in the shape of the energy 
distribution for the groups considered here. ‘The choice 
of the point taken on the peak to give the observed 
level position is therefore not affected. The result here 
is of course the actual level position and not the formal 
resonance energy of scattering theory. 

The errors listed in Table I are larger for the wide 
levels to take account of the uncertainties arising in 
the choice of the particular point of the peak used to 
represent the level position. From the fact that no 
more than a 7-kev shift in #, is made and the shape is 
only slightly altered by neglecting the large change in 
neutron width across the 5.08-Mev level, it seems that 
other effects such as variation in the probability for 
formation of the level from the highly excited com- 
pound system will make a negligible difference in the 


shape and hence in the observed level position. The 
observed level position and width should be the same 
for formation through a reaction or by neutron scat 
tering under the assumptions that the width is due 


predominantly to neutron decay and that the neutron 
width is the controlling factor in the shape of the energy 
distribution. 


B. Comparison with Previous Results 


The Q value for the ground state agrees within 1 kev 
with the accepted average of previous measurements*® 
which is 1.919+0.004 Mev. This average does not 

7R. G. Thomas, Phys. Rev. 81, 148 (1951) 


‘TD. M. Van Patter and W. Whaling, Revs. Modern Phys. 26, 
402 (1954) 
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include the value of 1.9154-0,010 Mev given in refer 
ence 1 which is also in good agreement 

The excitation energy for the first state agrees well 
with the value of 0.875+-0.012 given in reference 1 and 
the Q value for this level is within 1 and 2 kev, respec 
tively, of recent precision measurements of 1.0490 
t+0.0022 Mev® and 1,048+0.002 Mev.® 

The data strongly support the conclusion that the 
first excited state is a single level and set a somewhat 
lower limit on its width than that set by other recent 
work.® 

Figure 6 compares the results of the present experi 
ment with the results of the previous experiments cited 
It is seen that the three experiments using precision 
energy measurements agree about the positions of all 
levels seen in two or more of the experiments In the 
case of the I!9(da)JO" magnetic spectrograph data the 
discrepancies with the present experiment may be 
understood in the light of the level widths. Examination 
of the published*® a-particle spectrum 
existence of a broad group at the expected position of 
the 5.08 level. Because of the narrow range of the 180” 


reveals the 


spectrograph this broad group was easily confused with 
that it corre 
sponded to a level in O" was recognized by the authors 
It is also evident that the broad group interpreted as a 
wide level at 5.70-Mev excitation is in reality an over 


background although the possibility 


lapping of the groups leading to the 5.695- and 5.731 
Mev levels. With the rather high energy loss of a 
particles in the targets used in the (dja) work, accurate 
105, 1270 (19 4) 


*F.S. Mozer and F. B. Hagedorn, Phys. Rev 
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measurement of the natural energy spread of the 
emitted groups apparently was impossible. 

In the case of the neutron scattering data the level 
positions and widths observed agree very well with the 
present experiment for all levels mutually observed, as 
may be seen in Fig. 6 and in Table IV. The 5.215- and 
5.731-Mev levels were not seen in the neutron scat 
tering. These levels are narrow and very probably have 
high angular momenta so that there is a low probability 
of forming them by scattering neutrons from O'* 


P. BROWNE 


ras.e IV. Comparison of results from O'*(d,p)O" 
and O'*(n,n)O"*. 


Width (kev) 
O'#(d,p)* O1M(n,n)t 


I xcitation energy (Mev) 
O'8(d p)* 


4.553+-0.006 
5.083+0.010 
§.215+0.005 
5.378+0.007 
5.695+0.005 
7) §.731+0.005 
10 5.866+-0.005 
11 5.94 +0.012 


O(n n » 
4.54 
5.07 
5.37 
5.69 


5.86 <8 


5.93 23410 


*O'#(d,p) present work 
» Olf(nn) reference 4. 


It is not surprising that the present experiment 
showed no levels above 6 Mev, considering that the 
outgoing proton energy here was only about 2.5 Mev 
whereas the Coulomb barrier is about 3.0 Mev. This 
fact also makes observation of the level at 5.94 Mev 
difficult, particularly as the appreciable width of this 
level causes the few particles in the group to be spread 
over a considerable distance on the plate. 

The agreement as to the width that is shown in the 
table is of particular interest in view of the radically 
different ways in which the O" levels are formed in the 
two experiments. This agreement strongly supports the 
assumption that the determining factor in the widths 
here is the decay of the states by neutron emission. 
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Excitation functions at nine angles for the reaction N'°(p,ao)C” are reported for incident proton energies 
from 0.9 to 1.3 Mev. At a laboratory angle of 140° the excitation function has been extended to 2.9 Mey 
In addition to previously reported resonances near 1.03 and 1.21 Mev, corresponding to O'* states at 13.08 
and 13.24 Mev, an anomalous behavior is observed near 1.87 Mev. Additional evidence for such behavior 


near this energy has been obtained from the N'*(p,aiy)C™ reaction 
N'*(p,ao)C” data are shown to be consistent with the assignments J=1~, J=1>, and J=3 


The qualitative features of the 
for the 0.34, 


1.03, and 1.21-Mev resonances respectively. Fitting Breit-Wigner curves to the measured excitation function 
of N!°(p,avy)C” near 1.64 and 1.98 Mev has yielded Ez = 1.6404-0.003 Mev (I'= 68:3 kev) and Ey =1.979 
+0.003 Mev (!'=23+2 kev) for these previously reported resonances (O" states at 13.65 and 13.97 Mev: 
It is shown that ',/I'«1 for the resonance at 1.98 Mev 


I. INTRODUCTION 


HE reactions occurring when N'® is bombarded 

with protons have been the subject of many 
investigations, and considerable information about the 
©'® nucleus has resulted from these studies. However, 
certain ambiguities remain, and it has seemed worth- 
while to extend some of these earlier measurements. In 
particular, more detailed knowledge of the N!°(p,ao)C” 
reaction (0=4.96 Mev), referred to hereafter as the 
(pao) reaction, has appeared desirable. Excitation 
functions for the (p,ao) reaction reported by Schardt 
et al.,1 and by Jacobs et al.,?* have indicated resonances 
for incident proton energies at 0.34 (J=O0* or 1°), 
1.03 (J =1-), 1.21 (J=3-), 3.00 (J =4*), 3.35 (J =2*), 
and 3.52 (J=1~, 2+, 3-, 4+) Mev. Angular distributions 
of the a particles for proton energies up to 0.98 Mev 
have been measured by Cohen and French* and by 
Neilson ef al.6 It was hoped that extending these 
angular distributions to higher incident proton energies 
would make possible a continuation of the previous 
analysis.‘ 

During the course of this work, it became of interest 
to investigate certain aspects of the N'*(p,ayy)C” 
reaction (E,=4.43 Mev, 0=0.53 Mev), referred to 
hereafter as the (p,ayy) reaction, and of the elastic 
scattering of protons from N'*. These results are also 
included in this report. 


II. EXPERIMENTAL PROCEDURE 


‘The proton beam for the present work was obtained 


from the 3-Mev electrostatic accelerator at this 


* Supported in part by the joint program of the Office of 
Naval Research, and the U. S. Atomic Energy Commission. 

t Now at the Bell Telephone Laboratories, Murray Hill, 
New Jersey. 

t National Science Foundation Fellow, 1955-56; now at the 
University of Maryland, College Park, Maryland. 

1 Schardt, Fowler, and Lauritsen, Phys. Rev. 86, 527 (1952) 

2 Jacobs, Bashkin, and Carlson, Bull. Am. Phys. Soc. Ser. II, 
1, 212 (1956). 

+S. Bashkin and R. R. Carlson, Phys. Rev. 106, 261 (1957) 

4A. V. Cohen and A. P. French, Phil. Mag. 44, 1259 (1953) 

’ Neilson, James, and Barnes, Phys. Rev. 92, 1084(A) (1953) 


laboratory and was analyzed with a 90-degree cylin 
drical electrostatic analyzer. The target was placed 
at the object position of a 180-degree double-focussing 
magnetic spectrometer, which could be set to accept 
particles at any laboratory angle between 0° and 145° 
with respect to the incident beam. A cesium iodide 
crystal near the exit slit of the spectrometer served 
as the particle detector, and a cylindrical sodium 
iodide crystal, 1.5 in. in diameter and 2 in. long, was 
used to detect the 4.43-Mev gamma radiation from 
the (p,ayy) reaction. 

The N'® target was prepared in an electromagneti: 
isotope separator by bombarding a beryllium foil with 
20-kev (N!®)o+ foil had 
thickness of 25 kev for 1-Mev protons, and approxi 


ions. ‘This an equivalent 


mately 3X10'7 N'® atoms/cm’ were deposited in its 


surface. In through the target thickness 


containing N!®*, 1-Mev protons underwent an energy 


passing 
loss of about 3 kev. Bombarding this target with a 
i x 


N'*(pa,)C'? 
E,* 0.910 MEV 


ye 
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Fic. 1. Momentum profile of the @ particles from the reaction 
N!*(p,ao)C%, The incident proton energy was 0.91 Mev, and 
the observations were made at a laboratory angle of 140 
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Fic. 2, Excitation functions of the reaction N'(p,a9)C” at nine angles for incident protons with energies between 0.90 and 1.30 Mev. 


0.5-microampere proton beam resulted in no detectable 
loss of nitrogen. 

For all measurements, the plane of the target was 
at an angle of 45° with respect to the incident proton 
beam. When the spectrometer was used to analyze 
the scattered or reaction particles, the surface of the 
target which contained the N!® faced the entrance to 
the spectrometer. ‘Therefore, for observations at angles 
less than 90°, the incident protons passed through the 
beryllium foil before encountering the surface containing 
the N'®. Corrections to the energy scale have been made 
for this fact 

A typical momentum profile of the ap particles 
obtained at a bombarding energy of 0.91 Mev is shown 
in Fig. 1. The spectrometer was set to accept particles 
at 140° with respect to the incident beam for this 
profile. The width of the profile is approximately that 
due to the spectrometer resolution since the energy 
spread of the a-particle group was less than 10% of 


the spectrometer window width. Thus, only a small 
fraction of the spectrometer window was filled at each 
point, resulting in this flat-topped profile whose height 
is directly proportional to the cross section for the (pap) 
reaction. The absolute cross section at 1.03 Mev given 


by Schardt ef al.’ has been used to normalize these 
relative values. 
III, RESULTS 


Excitation functions for the (p,ao) reaction at nine 
angles and for incident proton energies between 0.90 
and 1.30 Mev are shown in Fig. 2. Angular distributions 
have been deduced from these excitation functions, and 
these distributions at six different incident proton 
energies are shown in Fig. 3. The cos@ and cos’é terms 
reported previously*® are confirmed, and above 1.10 
Mev, cos*# and cos‘@ terms appear. 

Shown in Fig. 4 is the excitation function for the 
(p,ao) reaction at an angle of 140°, for incident proton 
energies from 0.90 to 2.90 Mev. In addition to the 
previously reported resonances near 1.03 and 1.21 
Mev, a striking anomaly near 1.87 Mev is observed. 
A careful investigation of the (p,avy) reaction from 
1 to 2 Mev has also been made, with special attention 
to the region from 1.8 to 2.0 Mev. The excitation 
function of the 4.43-Mev gamma radiation, shown in 
Figs. 5 and 6, shows a small but definite anomaly 
between the two previously reported resonances*® at 


*A. A. Kraus, Phys. Rev. 94, 975 (1954). 
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Fic. 3. Angular distributions 
at six incident proton energies 
for the reaction N!¥(p,ao)C™. 
The proton energies given in 
the figure are in Mev 
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1.64 and 1.98 Mev. That anomalies occur in this region — the existence of a new O"* level (or levels) near 13.9-Mey 
for both the (p,ao) and (p,ayy) reactions may indicate excitation, but the possibility that the anomalies arise 
from interference effects from neighboring resonance 
cannot be excluded. A preliminary survey of N'°(p,p)N'® 
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Fic. 4. Excitation function at a laboratory angle of 140° 
for the reaction N!*(p,ao)C", for incident protons with ener hic. 5. Excitation function for the 4.43-Mev gamma radiation 
gies between 0.90 and 2.90 Mev. Note the logarithmic ordinate from the reaction N'(pyy)C" for incident proton energies 
scale. from 0.9 to 2.1 Mev, at 6=90° 
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hic. 6. Excitation function for 4.43-Mev gamma radiation at 
G=0", 1.87 Mev. Note the suppressed 
zero in the ordinate scale 


showing structure near 


for incident proton energies between 1.8 and 2.0 Mev, 
at scattering angles of 144° and 125° 16’, has been made 
in a further investigation of the structure near 1.87 
Mev. No anomalies are observed at either 1.87 or 1.98 
Mev. An anomaly as large as 6% of the nonresonant 
scattering cross section would have been detectable. 
Fitting the upper two of the prominent resonances 
in Fig. 5 with Breit-Wigner functions yields Ep = 1.640 
t+0.003 Mev (I'=6843 kev) and Er=1.979+0.003 
(I'= 2342 kev), respectively. The resonance energies 
are referred to the Li’(p,n) Be’ threshold at 1.881 Mev. 


IV. DISCUSSION 


It is evident from the complexity of the angular 
distributions of Fig. 3 that the N!'*(p,a)C” reactions 
are characterized by strong interferences between 
resonances. In particular, the appearance of terms in cos6 
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Fic. 7. Excitation function for the reaction N'(p,ao)C" for 
incident protons with energies between 0.25 and 0.60 Mev. The 
points are experimental data taken from Schardt ef al.' The 
dashed and solid curves have been calculated from the one-level 
dispersion formula for p- and s-wave formation, respectively 
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implies interference between states of opposite parity. 
In an earlier analysis of distributions obtained below 
E, = 0.96 Mev, Cohen and French‘ sought to account 
for the cos@ term on the assumption that the 0.34-Mev 
resonance had J/=0(+ and interfered with the J/=1-, 
1.03-Mev resonance. On the other hand, the C"(a,qa) 
work of Bittner and Moffat’ requires J/=1~ for the 
0.34-Mev resonance. Furthermore, it can be shown 
by detailed application of the one-level formula of 
Wigner and Eisenbud* that p-wave formation of the 
level in question is quite unlikely. In Fig. 7 are shown 
two attempts to fit the (p,ao) excitation function of 
Schardt et al.' with the one-level formula. The dashed 
curve in the figure is based on the assumption of p-wave 
formation, with ',/f =0.034 and with a reduced width 
6,’ for protons ten times the single-particle limit. 
Because of the strong energy dependence of the level 
shift,® the assumption of infinite reduced width would 
only increase the breadth of the curve shown by 8%. 
The solid curve of Fig. 7 has been calculated for s-wave 
formation with 0,?=0.13X 3h?/2MR, T/T =0.034, and 
appears to give a more satisfactory account of the 
observations. It may be concluded that the 0.34-Mev 

and that still another level, 
Q+ state at 11.25-Mev excitation,’ 


resonance has J=1 
possibly the broad J 
is responsible for the fore-and-aft asymmetry in the 
distributions. 

The angular distribution of the a» particles at the 
the 1.21-Mev resonance (see Fig. 3) was analyzed in 


\ on 











ie) 
10 “ID 
COSINE OF CENTER-OF-MASS ANGLE 


Fic. 8. Angular distribution of the a particles from N'§(p,a9)C" 
for incident protons of 1.21-Mev energy. The solid curve has 
been calculated for 1,=2, lg=3, and J=3> while the dashed 
curve is for 1,=3, l4=4, and J=4". 


7 J. W. Bittner and R. D. Moffat, Phys. Rev. 96, 374 (1954). 
* E. P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947) 
*R. G. Thomas, Phys. Rev. 81, 148 (1951) 
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some detail, in view of an existing ambiguity in the 
assignment of this state." The angular distribution of 
a; particles appears to require J = 4* ; the elastic scatter- 
ing, on the other hand, requires J/=3~, as does also 
the (a,,y) angular correlation. The experimental (p,ao) 
distribution obtained in the present work is replotted 
in Fig. 8, along with theoretical curves calculated for 
the choices J=3~ and J=4+. It is apparent that 
better agreement is obtained with the former assign- 
ment, although in the absence of precise information 
on possible interference effects, J=4* cannot be 
excluded. The integrated (p,ao) cross section obtained 
from the data of Fig. 8 is 300 mb at the resonance 


” FB. Hagedorn, Phys. Rev. 108, 735 (1957) 
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energy of 1.21 Mev; the result similarly obtained at 
the 1.03-Mev resonance is 340 mb. 

The cross section for the (payy) reaction at the 
1.98-Mev resonance reported by Bashkin and Carlson* 
0.98 or 0.02. The the 


present experiments of any anomaly in the elastic 


indicates I',/T absence in 


scattering is consistent only with the latter choice 
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The breakup of Be** from the 2.43-Mev state has been studied. The level was excited by inelastic scattering 
of 42-Mev alpha particles and the breakup was studied by examining coincidences between inelastically 
scattered alpha particles and particles from the breakup. It was found that decay from this state proceeds 
less than 10% of the time by neutron emission to the ground state of Be® and less than 1% of the time by 
gamma emission to the ground state of Be®. The low neutron-emission probability is consistent with the 


usual 5/2— spin-parity assignment for this state. 


I. INTRODUCTION 
, I ‘HIS is a report of an investigation of the decay 


of Be’ from its well-known excited state at 2.43 
Mev. As in similar investigations of light nuclei, the 
general purpose is to obtain information about the 
structure of the nucleus involved. When Be’ decays from 
the 2.43-Mev state it might do so by the emission of 
either a neutron, an alpha particle, or a photon. The 
specific object of this experiment was to determine the 
relative probability of these modes of decay: 


Be*—Be®+n+0.76 Mev; 

Be’ He'+ He*+0.10 Mev, 
(2a) Be’*—He'+ He; He'—He'+n, 
(2b) Be**—He'+ He*+7-+-0.86 Mev, 
(3) Be*—»Be’+7+2.43 Mev. 


Previous investigations’ of this level have indicated 


(1) 


that decay proceeds primarily through mode (1). 


* Supported in part by the U. S. Atomic Energy Commission 

1F, Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955). 

2G. A. Dissanaike and J. O. Newton, Proc. Phys. Soc. (London) 
A65, 675 (1952). 


3G. M. Frye and J. H. Gammel, Phys. Rev. 103, 328 (1956) 


Apparently modes (2) were not given serious consider 
ation, 


Il. GENERAL METHOD 


The breakup of Be (2.43 Mev) can be conveniently 
studied if the excitation is produced by inelastic scat 
tering of medium-energy alpha particles. The general 
in Fig. 1. Alpha particles are 
inelastically scattered in a beryllium target and are 


method is indicated 


INCIDENT ALPHA 
PARTICLE BEAM 


BERYLLIUM TARGET 


iRECTION oF CONE INTO WHICH 

bec aT TERE ALPHA PARTICLES 
ALPHA FROM THE BREAKUP 
particle OF Be®* ARE EMITTED 


0 


PHOSWICH 


f PLASTIC 
Ds sere ATOR 


DIRECTION 
OF RECOIL 
Be%* 


Fic. 1, The experimental arrangement for observing the 
breakup fragments from Be** in coincidence with inelastically 
scattered a particles, 
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F'iG. 2. Pulse-height distributions in the phoswich due to alpha 
particles scattered from beryllium. The alpha particles are 
observed in coincidence with particles in the breakup detector 


observed in an energy sensitive detector held at a fixed 
angle, a. The energy and angle of the scattered alpha 
particle determine the recoil energy and angle, @, of the 
struck nucleus. Thus, by selecting alpha particles whose 
energy corresponds to scattering from a particular level 
one can, with coincidence techniques, label events in 
which both the state of excitation and the momentum 
of the recoiling nucleus are known 

In the subsequent decay of the excited nucleus, 
different decay modes will be characterized by different 
angular and energy distributions for the charged decay 
products. The simplest distinguishing features of the 
distributions are the extreme limits on angle and energy 
imposed by kinematic considerations alone. In mode 
(1) the neutron carries off much of the available energy 
and therefore the kinematic limits for alpha particles 
from the breakup will be considerably tighter for mode 
(1) than for mode (2). It follows from the fact that the 
He® ground state level is very wide! that the limits for 
modes (2a) and (2b) are identical. In the electromag- 
netic transition of mode (3) the recoiling nucleus is 
almost undeviated. 

In the present experiment the beryllium foil was 
bombarded by 42-Mev alpha particles from the Uni 
versity of Washington cyclotron. The detector of scat 
tered alpha particles was placed at the angle a=60°, 
where inelastic scattering from the 2.43-Mev level is 
relatively prominent‘ and the recoil nuclei gain appreci 
46.8°. 
The maximum possible deviations of a breakup alpha 


able momentum. The nuclei then recoil at 


‘G. W. Farwell and D. D. Kerlee, Bull. Am. Phys. Soc. Ser IT, 
1, 20 (1956); Cyclotron Progress Report, University of Washing 
ton, 1956 (unpublished) 
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particle from this central direction are 9.5° for mode 
(1) and 15.4° for mode (2). In mode (3) the beryllium 
nucleus cannot be deviated by more than 0.3°. 

Several features of this method make it useful in 
this, and similar problems: (a) the decay fragments 
are confined to a convenient angular region; (b) the 
decay fragments are brought into a convenient energy 
region (the alpha-particle energies extend from 3.7 Mev 
to 10.9 Mev in the laboratory although in the Be™ rest 
frame they cannot exceed 0.5 Mev); and (c) decay by 
electromagnetic transitions can be detected with high 
efficiency by observation of the recoil nuclei. This 
technique is now being used at this laboratory to study 
the decay of C” from the 7.65-Mev level. Similar 
arrangements might be useful in the study of the range 
and Coulomb scattering of recoil ions produced in the 
elastic scattering of high momentum incident particles. 


Ill. DETECTION EQUIPMENT 


The inelastically scattered alpha particles were identi- 
fied using a version of the dE/dx—E method in which 
the type of particle and its energy are determined from 
the observation of the energy loss in successive phos- 
phors. In the present arrangement a ‘‘phoswich” was 
used composed of a 38 mg/cm? plastic phosphor and a 
269 mg/cm? CsI(Tl) phosphor viewed by a single 
phototube. Two pulses were taken from the phoswich. 
One output, essentially due to the plastic, identifies 
the particle as an alpha particle and provides a pulse 
for fast coincidence work. A second output, essentially 
due to the CsI, determines the particle energy. Further 
details of the phoswich arrangement are described 
elsewhere.® 

To see if this detector could be used to select the 
desired alpha-particle group, pulse-height distributions 
were displayed on a twenty-channel analyzer and are 
shown in Fig. 2. The analyzer was gated by coincidences 
between the phoswich and the breakup particle detector. 
With the latter detector at the calculated angle for 
elastic scattering, there is a well-defined peak in the 
alpha-particle distribution arising from the plentiful 
coincidences with recoiling nuclei. At angles of the 
breakup detector accessible only to inelastic events 
another well defined peak appeared at a lower energy, 
corresponding to scattering from the 2.43-Mev level. 
(The identification of this level was confirmed to within 
0.1 Mev with the aid of an independent calibration of 
pulse height versus energy.) A shoulder on the low- 
energy side of this peak may be due to scattering from 
the level at about 3.0 Mev.' By restricting consideration 
to events falling within the gating interval shown in 
Fig. 2, the maximum possible contribution of this level 
is reduced to about 3%. Tests with copper oxide and 
polyethylene targets, and further examination of the 
data obtained with a beryllium target, indicate that 


5D. Bodansky and S. F. Eccles, Rev. Sci. Instr. 28, 464 (1957) 
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contributions to this interval from oxygen and carbon 
impurities and from other states of Be® do not exceed 
5%. 

The breakup particles were detected in a 16-mg/cm? 
plastic phosphor. Only alpha particles from modes (1) 
and (2) or recoiling nuclei from mode (3) can be 
detected with appreciable efficiency in this counter. To 
minimize discrimination against very-short-range parti- 
cles, the counter was used with no covering window. 

As much of the experimental analysis depends on a 
knowledge of the alpha-particle momenta, a momentum 
calibration was obtained and is shown in Fig. 3. Points 
for this curve were obtained by using natural alpha 
particles and alpha particles from the breakup, with 
and without thin aluminum absorbers. The calibration 
points did not extend over the full experimental energy 
interval and therefore a slight extrapolation was neces 
sary at both ends. At the low-energy end the severe 
nonlinearity of the plastic makes the calibration some- 
what uncertain. 

The momentum resolution was also less sharp for 
low-energy than for high-energy alpha particles. Most 
of the data were taken with a beryllium target whose 
stopping power for alpha particles was equal to that of 
1.0 mg/cm? of aluminum. Energy loss in this “thick 
target” introduces a spread of the order of 10% in 
momentum for the low-energy alpha particles. Addi 
tional data were taken with a “thin target”? about 4 as 
thick. Here the resolution is probably limited by the 
counter which introduces a spread in momentum of 
about 5% for low-energy particles. These effects imply 
that the information obtained for the low-energy alpha 
particles is not as reliable or detailed as that obtained 
for the high-energy particles, and therefore the latter 
should be favored where possible in the analysis below. 

The detectors were placed in a 23-in, scattering 
chamber® which was equipped with two independently 
movable counter trays. Each detector had a }-in. x }-in. 
defining aperture at a distance of about 4 in. from the 
target. 

The desired data in this experiment are the energy 
and angular distributions of alpha particles from the 
breakup of Be®* (2.43-Mev). These can be obtained by 


studying events characterized by a coincidence between 
any particle in the breakup counter and a particle in 
the phoswich which gives an energy pulse corresponding 
to scattering from the 2.43-Mev level. This over-all 


coincidence was established by conventional fast-slow 
coincidence techniques. The resulting signal was used 
to gate a twenty-channel analyzer on which was 
displayed the spectrum of the breakup counter. 

As a check against possible spurious effects, for 
instance protons in the phoswich, a second method of 
data collection was simultaneously used in which the 


*We are grateful to Dr. P. T. Demos of the Massachusetts 
Institute of Technology and Dr. W. E. Wright of the Office of 
Naval Research for arranging to lend this scattering chamber to 
the University of Washington. 


Be*®* 


(2.43 MEV) 


9 


o 


(ARBITRARY UNITS) 
(MEV) 


OFROM ThC AND Th C’, NO DEGRADER 


@FROM ThC AND Th C', 3.2 MG/cM® 
ALUMINUM DEGRADER 

x FROM COMPARISON OF EXPERIMENTAL 
SPECTRUM WITH AND WITHOUT DEGRADER * 


= 
@ 
2 
ENERGY 


MOMENTUM 


> 


2 
° 


20 30 40 
PULSE HEIGHT 


°o 


Fic. 3. Calibration curve of momentum and energy as a function 
of pulse height for alpha particles in the breakup detector. The 
curve includes a correction for the average energy loss in the 
(thick) target 


two phoswich outputs and the output from the breakup 
counter were displayed on an oscilloscope trace. The 
trace was triggered by a fast coincidence between the 
two detectors and was photographed, giving complete 
information about each coincident event. As no signifi 
cant differences were found between the photographi: 
and analyzer data, either could be used, Minor consider 
ations led to the use, in the analysis below, of the 
analyzer information for the ‘“thick-target” data and 
the photographic information for the “thin-target” 
data. 


IV. RESULTS 


‘The experimental procedure was to obtain momentum 
distributions of the particles from the breakup of Be”* 
at various angles @ of the breakup detector. This 
information is exhibited in three ways 


(a) A crude over-all picture can be obtained from the 
angular distribution of Fig. 4 where the total number 
of breakup particles, irrespective of energy, is plotted 
as a function of the angle @ 

(b) More detailed information can be obtained by 
considering the energies of the breakup alpha particles 
at each angle. This is done in the momentum map of 
Fig. 5. 
positions in momentum space. The circles represent 


Points on this map represent alpha-particle 


the extreme positions allowed for decays via modes (1) 
and (2). An alpha particle is carried to the point at the 
center of the circles by the motion of the recoiling Be™. 
The distance of a point from the center is proportional! 
to the momentum gained in the breakup. For conveni 
ence in visual interpretation, a weighting factor was 
applied to the observed data to make the two-dimen 
sional density of points in Fig. 5 proportional to the 
three-dimensional density of events in momentum 
space. For instance, were the actual momentum distri 
bution isotropic, the map of Fig. 5 would then also 


look isotropic. 
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hic. 4. The angular distribution of particles from the breakup 
of Be®* (2.43 Mev). 0= (angle of breakup detector (angle of 
recoil of Be**). See Fig. 1 


(c) ‘The data described in (a) and (b) were taken with 
the thick beryllium target. ‘To momentum 
density distributions with better resolution, additional 
runs were made with the thin target. Results obtained 


obtain 


with the breakup detector at 6=0° are shown in Fig. 6 

The information of Figs. 4, 5, and 6 was first examined 
for internal consistency. For instance, one would expect 
symmetry about the recoil Be” direction. Comparison 
of the solid and open points in the angular distribution 
of Fig. 4, and inspection of the over-all features of the 
momentum map of Fig. 5, indicate that such symmetry 
was obtained. One would likewise expect that there 
would be no events beyond the kinematic limit for 
mode (2). This expectation is reasonably well fulfilled 
in the data of Figs. 4, 5, and 6. Only about 8% of the 
observed points of Fig. 5 fall the greater 
kinematic limit. (The positions of the experimental 
points and of the limiting circles were calculated inde 
pendently.) The points appearing outside the limits in 
Fig. 5, as well as the tail extending beyond the kine 
matic limit in the momentum distribution of Fig. 6, 


outside 


are probably in part associated with the difficulties at 


low momentum mentioned above. There may be an 
additional smal] contribution due to impurities in the 
target. It is believed that these discrepancies are not 
large enough to affect significantly the analysis below. 

The experimental information can be used to set an 
upper limit on the probability of electromagnetic 
transitions via mode (3). The absence of a sharp spike 
at 0° in Fig. 4 and the absence of a large cluster of 
events along the 0° line of Fig. 5 indicate that such 
transitions are not numerous. A more quantitative 
upper limit can be established by examination of the 0° 


momentum distribution of Fig. 6. A small peak near 
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the center of the distribution may be due to decay via 
mode (3). The pulse height of events comprising this 
peak is slightly less than the pulse height produced by 
Be’ nuclei recoiling after elastic scattering, and therefore 
these events could be due to the recoil Be* from mode 
(3) decay. If one assumes that this peak is due to such 
recoils, and takes into account the large geometric 
efficiency for observing these relatively well-collimated 
events, one would infer a 0.3% probability for decay 
via mode (3). Allowing for the uncertainty in deter- 
mining the shape of this peak, it is concluded that 
gamma emission is responsible for less than 1% of all 
decays. However there is no conclusive evidence that 
these events are due to recoil nuclei, and it is therefore 
quite possible that the actual contribution of gamma 
decay is much smaller than 1%. 

Further examination of the distributions makes it 
possible to set an upper limit on neutron emission to 
the ground state of Be*, Events outside the mode (1) 
kinematic limit cannot be due to this decay, while 
events within the limit may be due either to mode (1) 
decay or decay via other modes. It is evident from 
Figs. 4 and 5 that an appreciable number of events lie 
outside the limit for mode (1). A detailed analysis of 
the data represented in Fig. 5 shows that only 0.20 
+0.05 of the observed alpha particles lie within this 
limit. 

Inspection of the momentum distribution of Fig. 6 
shows that many of the events within the sphere defined 
by the mode (1) limit are near the outer edge of this 
sphere and are presumably associated with the two 
large peaks whose centers lie in the region consistent 
only with mode (2). (These peaks are equidistant from 
the center of the Be* rest frame and correspond to 
alpha particles emitted forward and backward in the 
breakup of Be’. The peak at low laboratory momentum 
is lower and wider, in part at least, because of poorer 
resolution.) It seems probable therefore that much of 
the inner-sphere contribution is due to mode (2) decays, 
especially in view of the large relative volume contained 
in shells of large radius. 

This conclusion is strengthened by consideration of 
the expected momentum density distribution for decays 
via mode (1). Neglecting departures from isotropy in 
the two decays of mode (1), one can show that the 
number of events per unit volume in momentum space 
is inversely proportional to the momentum in the Be”* 
frame. ‘Therefore the density distribution should be 
decreasing near the limiting edge, rather than increasing 
sharply as in Fig. 6. A mode (1) density distribution 
can be estimated using this momentum dependence. 
To normalize, all of the events near the center, including 
the “recoil” peak, were ascribed to mode (1). It is then 
found that only about } of the events within the inner 
sphere can be due to mode (1) decays. This would 
suggest an upper limit for mode (1) decays of about 5%. 
To allow for uncertainties in the calculation, it is 
finally concluded that neutron emission to the ground 





BREAKUP OF 


-—_——— 
MOMENTUM 
ORIGIN 

(LAB FRAME) 


Fic. 5. The distribution in momentum space of alpha particles from the breakup of Be” (2.43 Mev) 
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represents five events of a weighted momentum distribution in which each observed event is given a weight equal to 1/p. (This 


provides the type of weighting indicated in the text.) 


state of Be* is responsible for less than 10% of all decays 
from the Be* 2.43-Mev level. This is an upper limit 
and there is no evidence in the present work that there 


is any such neutron emission. 

It is possible to make rather qualitative comments 
concerning the angular distribution in the Be* frame 
of the alpha particles from the breakup. A test for 
symmetry about 90° can be made by determining the 
ratio of the area under the forward peak to the area 
under the backward peak in the 0° momentum distri 
bution of Fig. 6. If one uses a somewhat arbitrary 
assignment of events to these peaks, the ratio is esti- 
mated to be 1.2+0.3. These peaks presumably represent 
a characteristic group. The angular distribution for 
events in this momentum group can in principle be 
found from the data represented in Fig. 5. Considering 
this momentum group alone, further analysis indicates 
a minimum in the neighborhood of 50° where the density 
is of the order of half the density at 0°. Inadequate 
statistics and resolution prevent more detailed conclu 
sions. In summary, the experimental results are approx- 


imately consistent with symmetry about 90° but are 
probably not consistent with isotropy. 


V. DISCUSSION 


As few of the decays proceed via modes (1) and (3), 
it is presumed that they proceed primarily via modes 
(2a) and (2b). The present experimental information 
does not readily distinguish between these modes. In 
particular, the kinematic limits are identical for the two 
modes and the shape of the momentum distribution of 
lig. 6 can be understood qualitatively in terms of 
either mode 

A characteristic feature of this distribution is the 
peak at relatively high Be” rest-frame momentum. If 
one assumes that breakup proceeds via mode (2a), 
this peak can be interpreted as being due to two 
opposing effects which arise in the decay to He*+ He* 
The Coulomb and angular-momentum barriers will 
favor breakup with high momentum. On the other 
hand, the rest mass of He*+He° (evaluated at the 
center of the He® ground state) is 0.1 Mev higher than 
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hic. 6. Density in momentum space of alpha particles from the 
breakup of Be** (2.43 Mev). The data were taken at @=0° by 
means of the thin target 


that of the Be (2.43-Mev).’ Decay is still possible in 
view of the 0.7-Mev width of the level,’ but low mo 
mentum of the breakup particles will be favored. The 
position of the peak in the momentum distribution is 
determined by the combination of these effects. The 
observed alpha particles will of course include alpha 
particles from the breakup of He’®. These will be spread 
over a wide region in momentum 

If decay proceeded via mode (2b), the observed peak 
at relatively high momentum could reasonably be 
ascribed to the Coulomb interaction between the alpha 
particles which must be present in any model. 

A further complication is suggested by the possi 
bility of decay by neutron emission to the first excited 
state of Be**. This state, at 2.90 Mev, is about 1.2 Mev 
wide,' and decay to this level might be possible in a 
manner analogous to the decay to He®. However, here 
the energy deficiency is about three times the half-width 
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and it seems more appropriate to consider this mode to 
be a variant of mode (2b) rather than to correspond to 
a transition to a specific resonant state. 

The main experimental conclusion is that decay of 
Be* from the 2.43-Mev level proceeds less than 10% 
of the time by emission of a neutron to the ground state 
of Be*. Although not in accord with previous experi- 
mental indications, this conclusion is not unexpected 
on theoretical grounds. According to the currently 
available evidence, the 2.43-Mev level probably has 
spin § and negative parity. This assignment is suggested 
by the experimental information on pickup* and 
inelastic scattering.**"” It is also predicted by the 
alpha-particle model": and is the most probable pre- 
diction of the intermediate-coupling shell model." 
Using an argument based primarily on angular-mo- 
mentum considerations, Henley and Kunz!® have shown 
that if Be* (2.43 Mev) has this spin and parity, then 
on any reasonable model, decay by neutron emission 
to the ground state is improbable. Thus, were neutron 
decay observed to be dominant, a contradiction with 
theory would arise. The present result that neutron 
decay is not dominant is consistent with the known 
information relating to the 2.43-Mev level of Be’. 
However it does not appear to be possible to use the 
information on the relative probability of neutron or 
alpha-particle emission to distinguish between currently 
favored models of Be’. 
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The nuclear reactions Li’(a,n)B" and Li?(a,a’)Li™ have been studied for monoenergetic a particles from 
a Van de Graaff accelerator. The threshold in the (a,n) reaction was measured to be 4.379 Mev which gives 


a Q value of 


2.788 Mev. Resonances in the yield of 0.477-Mey 


y radiation were observed at a-particle 


energies of 1.91, 2.49, 3.06, 3.6, 4.39, 4.6, and 5.0 Mev. The inverse reaction B(n,a)Li’ was also studied 


by using monoenergetic neutrons with energies between 0.020 and 4.80 Mey 


Resonances were observed 


at neutron energies of 0.53, 1.86, 2.8, and 4.1 Mev. Excited states in B" from these experiments are indicated 
at 9.88, 10.25, 10.62, 10.97, 11.46, 11.6, 11.9, 13.2, 14.0, and 15.2 Mev 


INTRODUCTION 


XPERIMENTS on the yield of neutrons and 

y radiation from the a-particle bombardment of 

Be®, B*, BY, C8, and O* have been previously reported.! 

With the good resolution available with a Van de Graaff 

accelerator, many sharp resonances are observed ; these 

resonances give information about states in the com- 

pound nucleus. The present experiment was undertaken 

with the purpose of observing the yield of neutrons from 
the reaction: 


3L i? + He! +(,B") >” + on! 2.797 Mev. (1) 


‘The only other competing reaction for @ particles with 
energies less than 6 Mev is Li’(a,a’)Li’* which produces 
Li’* excited to the well-known state at 0.477 Mev. ‘The 
0.477-Mev y radiation from the inelastic scattering of 
a particles on Li’ has been observed by Heydenburg 
and Temmer,’? and by Li and Sherr® for a-particle 
energies from 1.2 to 3.5 Mev. One purpose of the present 
experiment was to extend these measurements to higher 
energies. Another objective was to measure the cross 
section of the reaction B!’(n,a)Li’ which is the inverse 
of reaction (1). With thermal neutrons the B!°(n,qa) 
reaction proceeds in about 94% of the disintegrations 
to Li’* and only about 6% of the time to Li’ in the 
ground state. At higher neutron energies this ratio 
changes but the reaction going to the excited state is 
always important.’ Thus the total cross section for the 
(na) reaction in B” cannot be calculated by the method 
of detailed balance from the (a,n) cross section, 


EXPERIMENTAL PROCEDURES 


The neutrons of the Li’(a,n) reaction were detected 
with the modified long counter! at 0° and 90°, ‘The cross 
section was obtained from a comparison of the yields of 
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the Li’(p,n) and the Li’(a,n) reactions from the same 
target carried out at bombarding energies such that the 
neutrons from each of the the 
energy of 0.57 Mev. 

The 0.477-Mev y radiation was observed with a 
l-inch by 1-inch Nal crystal mounted on a DuMont 
6292 photomultiplier tube in conjunction with a 20 


reactions had same 


channel pulse-height analyzer, Cross sections were 
estimated from target thickness and y-ray efficiency of 
the crystal and agreed within our rather large experi 
mental uncertainty with the cross section obtained by 
Li and Sherr.’ Their absolute measurements were con 
sidered to be more accurate and were used to normalize 
our data at 2.5 Mev. 

For detection of the B!’(n,)Li’, Li™ reaction a 
commercial BF; counter was used (active volume ~ 2,2 
cm diameter, 11 cm long, filled with B'’F at a pressure 
of 40 cm of Hg). A cylindrical coat of ~0.5 mm of B' 
(covering 2.5 cm more than the active volume) was 
used to reduce the background of thermal neutrons 
from the room. The target which serves as a source of 
neutrons from the (p,m) reactions in Li’ or H* was 3.6 
meters from the closest 
front of the BF; counter was placed 3 cm from the 
neutron source. The pulses were monitored with a 


moderator of neutrons. The 


20-channel pulse-height analyzer and care was taken 
that no B” or F recoils were counted. The largest 
background from room neutrons was produced at a 
neutron energy of 2 Mev and was measured to be less 
than 10%. The background effect was obtained by 
moving the counter from its usual position close to the 
target to a position 85 cm from the target but at the 
same distance from the analyzing magnet. For neutron 
energies above 2 Mev, pulse-height information was 
good enough so that disintegrations by low-energy 
neutrons could be eliminated, Some low-energy neutrons 
came from the room but the most important source 
was from the Zr layer in the Zr-T target. Although the 
yield of neutrons from Zr was small, these produced a 
relatively large number of disintegrations because of 
the large cross section of the B!°(n,a) reaction at low 
energies. 

Neutrons in the energy range 20-240 kev were ob- 
tained from the Li’(p~,n) reaction at 120° to the di- 
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Fic. 1. The reaction Li’(a,n)B" at 0° and 90°. The cross sec 
tions above 5.5 Mev in the case of the 0° data are to be multiplied 
by 2. 


rection of the beam. Neutrons with energies from 
80-600 kev were obtained from the same reaction at 0°. 
Neutrons with energies from 0.3 to 4.8 Mev were ob- 
tained from the ‘T*(p,n) reaction at 0° to the bom- 
barding beam. An absolute cross-section measurement, 
which involved knowing the amount of B"” in the gas 
of the counter, was considered to be less accurate than 
using the (n,@) cross section at thermal energies and 
calculating the cross section at 20 kev assuming a 1/1 


law. 
Li’ (a,n)B'" 


ligure 1 gives the excitation curve for the Li’(a,n) 
reaction. Neutrons observed at 0° to 10° with respect 
to the a beam have two neutron thresholds: at 4.379 
Mev for the (a,n) reaction leaving B" in the ground 
state and at 5.51 Mev when B" is left in the excited 
state at 0.720 Mev. 
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Fic. 2. The total cross sections of the reaction Li’(a,a’y)Li” 
as deduced from observations at 0°. The cross sections deduced 
from observations at 90° are the same within an accuracy of 20%. 
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Fic. 3. B”(n,a)Li’, Li’ cross section. The cross section below 
0.7 Mev is to be multiplied by 10 


Neutrons observed at 90° show a yield starting at 
the proper energy computed from the cone opening. 
Two small bumps at 4.4 and 5.6 Mev, indicated by the 
dashed lines, are presumably produced by neutrons 
scattered from the 0° counter and the target holder. 
Two resonances are found: a broad and rather weak 
resonance at 4.7 Mev, which is not evident in the 90° 
data, and a resonance at 5.15+0.08 Mev with a width 
of 0.22 Mev in the laboratory system. ‘The two reso- 
nances correspond to levels in B' at 11.68+0.10 and 
11.95+0.08 Mev. 

An accurate measurement of the energy of the 
Li’(an) threshold was made with doubly charged 
a particles, since the energy of the singly charged 
particles at threshold could not be determined very 
accurately because the iron in the magnetic analyzer 
was approaching saturation for such particles. The 
doubly charged beam was obtained by the use of a gas 
stripper which is placed above the magnetic analyzer. 
The observed threshold is at 4.379+-0.006 Mev which 
gives a Q value of —2.788+4-0.004 Mev. This Q value 
is to be compared to a calculated value of —2.793 
+0.009 Mev from masses given by Wapstra’ and 
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Fic. 4. Inverse velocity law for B(n,a) at low neutron energies 


© A. H. Wapstra, Physica 21, 367 (1955) 





Lit? (a,#)B?!*, 
TABLE I. Resonances in the reaction Li’(a,a’) Li’. 


Energy Level width 


level in BU 
(Mev) 


9.88 
10.25 
10.62 
10.97 
11.46 
11.60 
11.85 


Energy of 
resonance 


(Mev) 


1.91+0.02 
2.49+0.05 
3,06+0.03 
3.6 +0.1 
4.39+0.01 
46 +0.1 
5.0 +0.1 


— 2.792 Mev from the miasses given by Ajzenberg and 
Lauritsen.® 


Li’ (a,a’ y)Li’* 


The excitation curve for 0.477-Mev y radiation is 
shown in Fig. 2. The resonances at a-particle energies 
of 1.91, 2.49, and 3.06 Mev have been reported by 
Heydenburg and ‘Temmer’; the two lower resonances 
have also been observed by Li and Sherr.’ At higher 
energies there is a very broad resonance at 3.6 Mev, a 
rather narrow resonance at 4.39 Mev, a broad resonance 
at 4.6 Mev, and a resonance at 5.0 Mev. The energies 
of the resonances are corrected for target thickness 
(which is 27 yg/cm?, approximately 25 kev at 3 Mev). 
Levels in B" then are computed by conversion of the 
a energy into the center-of-mass system and adding it 
to the difference in mass of B" and Li’+ Het. ‘Table I 
gives a list with @ energies, energy of the levels, and 
estimated width of levels in the center-of-mass system. 


B!°(n,q@)Li’, Li’* 


In this reaction the total] cross section was measured, 
since it was not possible to separate the two groups of 
a particles by their pulse sizes. Figure 3 gives the 
experimental results. At low energies the cross section 
decreases rapidly as the neutron energy is increased. 
In order to test the 1/v law at low energies, a separate 
plot of the data below 1 Mev is shown in Fig. 4 where 
the cross section is multiplied by the velocity of the 
neutron. Below a neutron energy of 100 kev the curve 
remains flat, indicating a 1/9 law for the reaction. 
Above an energy of 140 kev the data deviate sharply 
from the 1/v dependence. The data from 0 to 250 kev 


*F. Ajzenberg and T. Lauritsen, Revs. Modern Phys, 27, 77 
(1955). 


Bittw,e ) Eis, 


AND B!°*(#,a)Li’ 


Pas_e IT. Resonances in the reaction B(n,a)Li 


Level in BY Level width (¢.m 
(Mev) (Mev) 


11.94 


Fem 
(Mev) 


0.48 0.10 
1.69 13.15 0.45 
2 14.0 0.3 
3 15.2 0.5 


can be interpreted on the assumption that the levels 
in B" at 11.46 ('=70 kev) and 11.60 Mev (I'= 140 
kev), as determined by the (a,a’)y data, are largely 
responsible for the neutron yield. ‘These levels in B"™ 
correspond to neutrons with energies of 0 kev and 140 
kev. There is an indication of a resonance at 530 kev. 
Other resonances are shown in Fig. 3 at 1.86, 2.8, and 
4.1 Mev. The corresponding energies in the center-of- 
mass system and in the B" compound nucleus are given 
in ‘Table II. 

The resonance at 1.86 Mev agrees in energy with the 
results of Petree, Johnson, and Miller.’ The peak cross 
section which they obtained is 0.51 barn which is to be 


compared to our value of 0.41 barn. This is in reasonable 


agreement considering the estimated errors of + 25%. 
Indications of broad resonances in the total scattering 
cross section of B'® have been obtained at energies of 
0.2, 0.45, 1.8, 2.75, and 4.3 Mev*; these seem to be in 
rough agreement with the resonances obtained in the 
(n,a) reaction, 


DISCUSSION 


All the reactions investigated lead to the same 
intermediate nucleus: B". ‘The 
covered by our measurement is between 9.8 and 15.8 
Mey, and ten levels in B" were observed in this interval. 
The only region covered by all three reactions is between 
11.46 and 12 Mev. 

The calculated energies of the excited states of B! 


range of excitation 


differ by considerable amounts as determined by the 
different reactions. However, these differences in the 
energy of the peaks of the resonances are not more than 
30% of the level widths and are to be expected for 
wide overlapping levels where interference effects are 
important. 

? Petree, Johnson, and Miller, Phys. Rev. 83, 1148 (1951), 


* Bockelman, Miller, Adair, and Barschall, Phys. Rev. 84, 69 
(1951) 
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Differential Cross Section for 3.7-Mev Neutrons Scattered from 
Zirconium and Molybdenum* 


H. S. Hansf anv S. C. SNowpon 
Bartol Research Foundation of The Franklin Institute, Swarthmore, Pennsylvania 


(Received June 7, 1957) 


The differential cross sections for the scattering of 3.7-Mev neutrons from zirconium and molybdenum 
have been measured in a ring geometry by using a Bonner-type scintillation detector. The measurements 
were taken over an angular range of 124 degrees between 18° and 142°. Angular resolution effects have 
been removed by iteration. Multiple scattering effects have been removed by a Monte Carlo type calculation. 


INTRODUCTION 


HE measurements reported herein of the differen- 
tial cross sections for 3.7-Mev neutrons elastically 
scattered from zirconium and molybdenum are a 
continuation of similar measurements reported by us.! 
The previous measurements used as a neutron detector 
the ZnS-Lucite scintillation button developed by 
Hornyak? While this detector is excellent for the 
detection of neutrons in the presence of y rays, it 
does not permit a high degree of discrimination between 
the elastically scattered neutrons and other groups of 
lower energy neutrons. In the present measurements, 
therefore, we have adopted the neturon detector 
developed by Bonner ef al.* which uses, in our form, a 
scintillation plastict to give a reasonable degree of 
discrimination between the elastically scattered neu- 
trons and the lower energy neutrons. The y rays are 
suppressed by using sufficiently small balls of plastic. 
As in our previous measurements, we again have 
employed the ring geometry as shown in Fig. 1. The 
EMI 6260 photomultiplier is employed in order that 
the effects of stray magnetic fields can be removed with 
less magnetic shielding than would be required with a 
more conventional photomultiplier. Through the co- 
operation of the Naval Research Laboratory and the 
National Bureau of Standards, the effects of multiple 
scattering of neutrons have been removed from our 
data by a Monte Carlo type of calculation.® 
Vinally, a great deal of consideration has been given 
to the “ring out’? measurement, since this may be as 


* Assisted by the U. S. Atomic Energy Commission. 

t Research Fellow, Bartol: Permanent address, Muslim 
University, Aligarh (U.P.), India. This paper contains material 
submitted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, Muslim University, Aligarh 
(U.P.), India, 1956. 

1W. D. Whitehead and S. C 
(1953); S. C. Snowdon and W. D 
1267 (1954). 

?W. F. Hornyak, Rev. Sci. Instr. 23, 264 (1952). 

§ Taylor, Lénsjé, and Bonner, Phys. Rev. 100, 174 (1955) 

4QObtained from the Pilot Chemicals, Inc., Waltham 54, 
Massachusetts 

*The multiple scattering calculations for the ring geometry 
have been carried out by Dr. Robert Jastrow of the Naval 
Research Laboratory. The National Bureau of Standards digital 
computer, SEAC, was employed in the Monte Carlo method of 


calculation 


Snowdon, Phys. Rev. 92, 114 
Whitehead, Phys. Rev. 94, 


much as 70% of the “ring in” measurement. Such 


details as air scattering, wall scattering, attenuator 
scattering, etc. have been tested in detail. 


EXPERIMENTAL PROCEDURE 


Neutrons of about 3.7 Mev were produced by allow- 
ing a 30-microampere, 1.0-Mev deuteron beam to 
impinge on a deuterium gas cell filled to 1 atmosphere 
pressure. The mean energy of the neutrons in the 
forward direction was 3.66 Mev with a spread in energy 
of about 400 kev. In Fig. 1 the forward-direction 
neutron detector was a Bonner-type scintillator that 
used eight 0.1-inch plastic balls placed as far apart as 
possible in a one-inch diameter, 3-inch high aluminum 
cap. A transparent fluorocarbon oil served to pipe 
the light to the photomultiplier and to absorb recoil 
electrons. The neutron flux was monitored by locating 
a Hornyak-type scintillator so as to detect neutrons 
emitted at an angle of 90°. 

In general the reduction of the data in the form of 
the ratio of the neutrons scattered by the ring to the 
neutrons coming directly from the source—the scatter- 
ing ratio—was accomplished by using the same formulas 
that were developed previously’ : 


5S= Sit Sot 53 + . (1) 


where S is the net scattering ratio and 5S, S», etc., 
are the contributions to the scattering ratio from 
neutrons singly scattered, doubly scattered, etc. The 
principal contribution is by single scattering S,, where 


- Ry ’ 1(6;) 
S=4L S( ) o(0)neewncrit9) (Ed V. (2) 
det J, \RiR,J (0) 


The finite size of the detector is taken into account as 
well as the finite size of the ring; however, the neturon 
source is approximated by a point source, and the 
detector is considered as small when viewed from the 
source. All geometrical quantities are given in Fig. 2. 
1(0,)/1(O) is the relative yield of the d—D neutron 
source at an angle 6,; o(6) is the differential cross 
section desired in the measurement; 2(/,) is the 
sensitivity of the neutron detector for scattered 
neutrons relative to the sensitivity for neutrons direct 
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Fic. 1. Ring geometry for scatterer: (5S), deuterium gas at one 
atmosphere pressure to give neutrons of about 3.7-Mev energy; 
(D), Bonner-type scintillation detector using an EMI 6260 
photomultiplier; (A), ring scatterer of rectangular cross section; 
(M) monitor photomultiplier using a Hornyak-type scintillator. 


from the source. All quantities except the exponential 
are approximately constant in the volume integrations. 
This fact is used to give a first-order estimate of the 
differential cross section. A further refinement, however, 
is included in reducing the data: all variables except 
those in the exponential are expanded about their 
mean values; the first term gives the previous result, 
the second term is approximated using the first-order 
estimate, and all higher terms are neglected. This 
procedure largely removes the effects of the finite 
angular resolution. 

In order to obtain the single-scattering ratio S, 
from the net scattering ratio S, multiple scattering 
contributions amounting to about 20% must be 
removed. This is accomplished by the use of a Monte 
Carlo technique in which one follows many case histories 
of a neutron traversing the scattering ring.® The single- 
scattering cross section used in this method is the 
approximate one just mentioned, 5; being obtained 
by neglecting multiple scattering contributions. The 
net result of the Monte Carlo calculation is to cal- 
culate the quantity in the parentheses in 


S=S,(14+S2/S;+S3/S:+°-:). (3) 


Thus, by using this multiple scattering factor, the 
single-scattering ratio may be found from the data 5S, 
thereby allowing a direct use of Eq. (2) in finding the 
differential cross section o(@) from the data S(@). 


Detector 


‘The detection system for the forward neutron counter 
makes use of integral pulse-height selection. In order 
to determine the correct bias setting, the scattering 
ratio is measured as a function of bias and corrected 
for the energy sensitivity variation occasioned by the 
energy loss of the scattered neutron. The correct bias 
setting is chosen as the bias above which the corrected 
scattering ratio is since the constancy 
indicates that the scattered spectrum is proportional 
to the direct spectrum or that only elastically scattered 
neutrons are counted. 

The energy sensitivity of the detector for any given 
bias is determined by measuring the angular distribution 


constant, 


NEUTRONS SCATTERED FROM Zr 


AND Mo 














Fic. 2, Detail of scattering geometry: (8), neutron source 
treated as a point source; (D), detector treated as consisting of 
eight point detectors; (A) cross section of scattering ring showing 
quantities used in expression for single scattering. 


of the neutrons from the H?(d,n)He* reaction. Each 
angle of observation is associated with a neutron energy 
obtained from the known reaction constants.* The ratio 
of the angular distribution obtained with our detector 
to that obtained with an energy insensitive detector,’ 
sach normalized to unity in the forward direction, 
is a measure of the sensitivity of our detector. 

In order to measure the angular sensitivity, the 
neutron detector was rotated about an axis through 
the detector perpendicular to the source-detector axis. 
It was assumed that the detector response to both the 
angle of neutron entry and the energy of the neutron 
could be written as the product of the angular and 
energy sensitivities. This quantity is designated as 
2(E,,) in Eq. (2). 

Finally, the linearity of response of the detector to 
changes in neutron flux by a factor of one hundred 
was determined by verifying the inverse square law 
within 3%, and by showing that the integral pulse 
height spectrum of a direct neutron beam had, with 
2%, an end point identical with the spectrum obtained 
( hopper.” 


with a neutron beam interrupted by a simple 


Background 


A difference between the “ring in” and “ring out” 
background can exist if there is not an exact compensa 
tion for the attenuation of background neutrons in 
the ring by an equal scattering-in of background 
neutrons by the ring. The magnitude of the attenuation 
effect was estimated by producing an artificial source 
of background, using a large ring filled with sand so 
located that the scattering ring attenuated the back 
ground neutrons. For a typical location of the scattering 
ring the presence of the sand ring changed the scattering 


*D. M. Van Patter and W. Whaling, Revs. Modern Phys 
26, 408 (1954). 

1G. T. Hunter and H. T. Richards, Phys. Rev. 76, 1445 (1949); 
J. L. Fowler and J. E. Brolley, Jr., Revs. Modern Phys. 28, 103 
(1956) 
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hic. 3. Differential cross section for the elastic scattering of 
3.7-Mev neutrons from zirconium and from molybdenum. 


ratio by 20%, In the actual experiment the background 
is about 
error in the scattering ratio from the attenuation of 
background neutrons is less than 7%, A simple estimate 
of the compensation of the attenuated neutrons by 
the scattered-in neutrons, assuming that the background 
neutrons were distributed uniformly in space and 
isotropically in angle, shows that the “ring in” back- 


4 of this artificial background; hence the 
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ground should differ from the “ring out” background 
by about 3%. Therefore, the 7% effect on the scattering 
ratio is appreciably reduced. 

It is estimated that the uncertainty in the measure- 
ments arising from statistical considerations and from 
the degree of reproducibility of the data is about 
+10%. The uncertainty in the correction for angular 
resolution especially at the minima in the curves is 
about +5%. Background may cause as much as +5% 
uncertainty. The uncertainty in the correction for 
multiple scattering caused by the use of a limited 
number of case histories in the Monte Carlo calculation 
is about +6%. The uncertainty caused by the use of 
polarized neutrons from the H*(d,n)He’ reaction® is 
than +7%. The varying pressure conditions 
and foil thickness in the target give rise to about a 
3% uncertainty. Considering that the above estimates 
are rather liberal, it was felt that the root-mean-square 
error would bea realistic estimate of the net uncertainty. 
This amounts to about +15%. 

Finally, as an over-all check of the accuracy of the 
experiment, the differential cross section for all angles 
was determined for two separate source-detector 
distances, 45 cm and 60 cm. The 60-cm geometry 
measurements were generally 7 or 8% higher than the 
45-cm geometry measurements. It thus is concluded 
that the estimate of the net error, +15%, is sub- 


less 


stantially correct. 
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*R. £. 


Segel and S. S, Hanna, Phys. Rev. 106, 536 (1957) 


These authors present a summary of recent measurements of 
the polarization of the H?(d,n)He? reaction 





3.7-MEV 


DATA 


Figure 3 shows a comparison of the differential 
cross section for 3.7-Mev neutrons elastically scattered 
from zirconium and molybdenum. Figure 4° compares 
the differential cross section of zirconium as measured 
by us at 3.7 Mev and by Walt and Beyster at 4.1 Mev. 
For purposes of comparison one may employ an 
approximate solution of the optical-model scattering 
problem. In this approximation the differential cross 
section divides into two parts: the diffraction cross 
section in which the minima are determined by the 
zeros of J;{(RR+1)@] and the reflection-refraction 
cross section which only varies slowly with angle." 
Thus changes in the location of the minima in the 
resultant scattering pattern are measured approximately 
by changes in the location of the diffraction minima. 
Hence (kR+1)6@, where & is the neutron wave number 
and R is the nuclear radius, is approximately constant 
at the minima in the cross section. We may take 
R=145X10""Alkem and k=0.22K10" [E(Mev) }! 
cm. The change in kR between molybdenum and 
and zirconium at 3.7 Mev is 0.05, whereas the change 
in kR between 3.7 Mev and 4.1 Mev for zirconium is 
0.15. Hence, as is observed, one would expect a larger 
shift between the 3.7-Mev and the 4.1-Mev curves for 
zirconium as shown in lig. 4 than one obtains between 
Mev as 


) 


zirconium and molybdenum curves at 3.7 
shown in Fig. 3. 

Figures 5 and 6 present a comparison of our measure- 
ments with a particular theoretical calculation based 
on the “cloudy crystal ball” theory of neutron reac- 
tions." Since the only computing facility available was 
a desk calculator, the calculations were carried out 


with only a single choice of the parameters. No attempt 
was made to find the parameters that would give the 
best fit. For the square-well parameters chosen, the 


TABLE I. Integrated cross sections. 


one (barns) 


2.140.3 
2.3+0.3 


otot (barns) 


4.1+0.1 
4.0+0.1 


Klement oe (barns) 


Zr 2.0+0.3 
Mo 1.7+0.3 


*M. Walt and J. R. Beyster, Phys. Rev. 98, 677 (1955). 

Feld, Feshbach, Goldberger, Goldstein, and Weisskopf, 
Atomic Energy Commission Report NYO-636, 1951 (unpublished). 

4 Feshbach, Porter, and Weisskopf, Phys. Rev. 96, 448 (1954). 
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Fic. 6 
section for the elastic 
molybdenum with the 
parameters shown. 


Comparison of the experimental differential cross 
scattering of 3.7-Mev neutrons from 
“cloudy crystal ball” theory using the 


fit obtained to the experimental data is fair. It appears” 
1.45107" At 
cm) must be reduced for these elements and that the 
parameter £, determining the imaginary contribution 
to the complex potential, must be reduced. Note that 


that the computed nuclear radius (R 


the presence of compound elastic scattering’ renders 
the theoretical determination uncertain to the extent 
that the experimental curve need only lie between the 
two curves (a) and (b) in Figs. 5 and 6. 

Table I presents the integrated elastic scattering 
cross section, The nonelastic cross section was deter 
mined by subtracting the integrated elastic 
section from the total cross section. 
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The scattering of dipole photons of 100 to 200 Mev from protons and deuterons is calculated by means 
of dispersion relations, experimental data on photopion production from nucleons, and several reasonable 
approximations. A previous calculation by the author using this model is modified by the use of an additional 
dispersion relation derived by Mathews. The differential cross sections resulting from this modification are 
smaller than the previously calculated cross sections for scattering angles in the backward direction. Com 
parison of the photon-deuteron calculations with the results of future experiments will yield information 


concerning the photon-neutron scattering amplitude. 


1. RECENT PREDICTIONS OF PHOTON-PROTON AND 
PHOTON-DEUTERON SCATTERING 


(5 ELL-MANN, Goldberger, and Thirring were the 
J first to apply dispersion relations to the problem 
of the scattering of photons from protons.' ‘These 
authors derived dispersion relations for both the spin- 
dependent and spin-independent forward, elastic scat- 
tering. The spin-independent relation, together with 
several reasonable guesses concerning the relative sizes 
of certain phase shifts, was used by the authors to 
predict the differentia] photon proton s« attering cross 
section at all angles for photon energies up to 250 Mev 
or 80. 

Recently, the procedure of Gell-Mann, Goldberger, 
and Thirring was extended by the author.’ In I, as in 
Gell-Mann et al., only the four dipole amplitudes 7',;,;, 
Vit) Tei, ANd Ting g were considered, where the 
subscripts “el” and ‘‘mg”’ denote electric and magnetic 
amplitudes, and the subscripts 4 and } denote the total 
angular momentum of the photon-nucleon system in 
the center-of-mass system. These amplitudes are sepa 
rated into two parts, Le., 

Tj=T/S+T/, (1) 
where the general subscript 7 denotes any of the four 
amplitudes mentioned above. The quantities 7°, are 
the “low-energy” parts of the amplitudes 7, defined 
rigorously to be the sums of the zero-order and first- 
order terms in an expansion of the scattering amplitude 
in powers of the photon energy. It has been shown by 
several authors that the requirements of relativistic 
invariance and gauge invariance imply that 7',° depend 
only on the charge, mass, and anomalous moment of 
the proton.’ On the other hand, the terms 7',’ defined 
by Eq. (1) may depend in a detailed way upon the 
mesonic structure of the proton. These terms are 
referred to as “pionic structure”’ terms. 

In the calculation of I it is assumed that the terms of 


' Gell-Mann, Goldberger, and Thirring, Phys. Rev. 95, 1612 
(1954). 

*R. H. Capps, Phys. Rev. 106, 1031 (1957), and University of 
California Radiation Laboratory Report UCRL-3572 (unpub 
lished). Hereafter, this paper is referred to by the symbol I 

3F, E. Low, Phys. Rev. 96, 1428 (1955); M. Gell-Mann and 
M. L. Goldberger, Phys. Rev. 96, 1433 (1955). 


lowest order in the electric charge (second-order terms) 
are dominant in the photon scattering amplitudes. In 
this approximation the imaginary parts of the scattering 
amplitudes 7,’ are determined from unitarity relations 
and the experimental data on photopion production 
from protons. The two dispersion relations of Gell- 
Mann, Goldberger, and Thirring are used to express 
linear combinations of the real parts of the amplitudes 
T,’ in terms of photopion production cross sections. 
Since there are four amplitudes 7’ and only two dis- 
persion relations, it is necessary to make a further 
assumption in order to determine Re7,,’. The assump- 
tion made is that the two amplitudes 7.),;/ and Ting, 4’ 
which are known to be dominant in photomeson pro- 
duction at energies below 400 Mev, are also dominant 
for the scattering. The amplitudes 74),)/ and Ting 4’ are 
taken to be zero. The photon scattering amplitudes and 
differential cross sections are then calculated by making 
use of the two dispersion relations and the analysis of 
photomeson production data of Watson, Keck, Tolle- 
strup, and Walker.‘ The results differ considerably 
from the calculation of Gell-Mann ef al. 

The photon-deuteron scattering problem is also 
studied in I. The elastic and inelastic photon-deuteron 
differential scattering cross sections are predicted, using 
the impulse approximation together with the model 
used for the photon-proton problem. 

The author believes that the assumption in I, that 
ReT x,y is small compared to the ‘“‘pionic structure” 
parts of the other amplitudes, is reasonable. On the 
other hand, the assumption that Re7),;/ may be 
neglected is certainly not accurate. In the weak pion- 
nucleon coupling calculations, for example, ReT ng, ;’ 
is quite small in the energy range under consideration 
here, but Re7Z 4’ is larger than ReTn¢4/ (though 
ReT,,;’ is the largest of all the pionic structure parts). 
In Fig. 3 of I it is shown that the assumption 
of a reasonable nonzero value of Re7),;’ leads to a 
calculated differential 


considerable difference in the 


* Watson, Keck, Tollestrup, and Walker, Phys. Rev. 101, 1159 
(1956) 

5 R. H. Capps and W. G. Holladay, Phys. Rev. 99, 931 (1955) ; 
R. G. Sachs and L. L. Foldy, Phys. Rev. 80, 824 (1950). 
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PHOTON SCATTERING FROM 
photon-proton cross section, especially at scattering 
angles larger than 90°. 

Recently Mathews has derived dispersion relations 
for finite-momentum-transfer photon-proton § scatter- 
ing,® using techniques similar to those used in the 
corresponding problem for pion-nucleon scattering.’ 
He then uses these equations, together with the photo- 
pion production data, to predict photon-proton scat- 
tering cross sections which differ considerably from 
those predicted by Gell-Mann et al., and in I. Because 
of the many dispersion relations used, Mathews is able 
to consider many more amplitudes than those con- 
sidered in I. On the other hand, use of these finite- 
momentum-transfer equations necessitates an additional 
assumption, since some of the constants appearing in 
the finite-momentum-transfer dispersion relations are 
not determined by invariance properties or by the 
photoproduction data. In reference 6, the Born approxi- 
mation is used to determine these terms. If consider- 
ation is limited to dipole amplitudes and certain recoil 
terms are neglected, however, one needs only three or 
four dispersion relations and may avoid the questionable 
use of Born approximation. In this paper one of the 
relations derived by Mathews, and the two relations 
of Gell-Mann ef al., are used to determine the real 
parts of the quantities 7T4),4’, T.,4’, Tm’, and the 
photon-proton and photon-deuteron cross sections are 
recalculated. As expected, the resulting photon-proton 
results are much the same as those of Mathews, and 
agree with the experimental results of Yamagata ef al. 
to within the accuracy of the experiments.* 

The principal purpose of the present work is the 
recalculation of the photon-deuteron cross sections of I. 
It is believed that the present results are more reliable 
than those of I, and when suitable experiments are done, 
comparison of the experimental results with the results 
of this paper will provide some information concerning 
the photon-neutron interaction and the electromagnetic 
structure of neutrons. 


2. RECALCULATION OF SCATTERING 
CROSS SECTIONS 


‘There are several simple ways to calculate the ratio 
R=ReT oi, y//Re(T 1,4 + Ting) using the finite mo 
mentum-transfer dispersion relations. One way is to 
take one of the relations derived by Mathews in 
conjunction with the two derived by Gell-Mann, Gold- 
berger, and Thirring. An appropriate equation, for 
example, would be the equation for that part of the 
coefficient of the e-e’ terms in the scattering amplitude 
which is independent of momentum-transfer. Another 


method of determining (® would be to use a simple 


® Jon Mathews, doctoral thesis, California Institute of Tech 
nology, 1957 (unpublished 
7R. H. Capps and Gyo Takeda, Phys. Rev. 103, 1877 (1956) 
* Yamagata, Auerbach, Bernardini, Filosofo, Hanson, and 
Odian, Bull. Am. Phys. Soc. Ser. II, 1, 350 (1956); T. Yamagata, 
doctoral thesis, University of Illinois, 1956 (unpublished), 
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Fic. 1. Calculated value of the ratio R= ReT 4, 4//Re(To1.4 
+T mg 4’) as a function of the incident photon energy in the 
laboratory system 


static, dipole limit of the complete set of equations 
listed in reference 6. A third method is to compute & 
from the calculated results of reference 6. A calculation 
reveals that the results of all these methods are similar, 
so the latter method is used here. The ratio ®, computed 
as a function of energy from the calculation of reference 
6, is shown in Fig. 1. 

In the model presented here (where #0), the real 
parts of the expressions for the amplitudes 7; given in 
Eq. (11) of I must be modified in the following manner: 
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It has been pointed out to the author by Mathews 
that two terms were omitted from the low-energy parts 
of Eqs. (9), (10), and (11) of 1.% The effect of this 
omission on the calculated results of 1 is small compared 
to the effect of the assumption that 7',,, 
these terms are included in Eqs. (2). 

The values of the dipole amplitudes are calculated 
from Eqs. (2) and the values of S1(k) and &(k) deter 
mined in I. The photon-proton differential scattering 
cross section is then recalculated, following the pro 
The results of this calculation, in the 
2. These 
results are quite similar to those of reference 6. If a 
multipole analysis of the calculation of reference 6 is 
made, it is found that the mesonic correction parts of 
Ting.4 and of the amplitudes for all higher multipoles 
are small for energies less than 200 Mev. Thus the 
present model is quite similar to that of reference 6 in 


0. However, 


cedure of J] 
center-of-mass system, are shown in Fig 


this energy range, and it is to be expected that the 
results are similar, These results are in agreement with 


¥ Jon Mathews (private communication) 
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Fic, 2. Calculated photon-proton differential cross sections in 
the center-of-mass system, shown at incident photon energies in 
the laboratory system of 120, 150, and 185 Mey 


the experimental results of Yamagata ef al. within the 
experimental error.* 

By using the value of ® taken from reference 6, we 
also recalculate the elastic and inelastic photon-deuteron 
cross sections of I. These cross sections are calculated 
in the impulse approximation, and depend on the 
photon-proton and the photon-neutron scattering ampli- 
tudes. In order that numerical predictions may be 
made, the photon-neutron amplitudes are calculated 
from the photon-proton amplitudes in | by making use 
of the “charge symmetry assumption” discussed in Sec. 
IHIA of I. The low-energy forms of the neutron ampli 
tudes are given correctly in I, but the 
omissions in the low-energy proton amplitudes discussed 


because of 


above, Eqs. (24) of I should be modified in the following 
manner 


. { ss) 


e’r k; 


2m’ 


l : 
(B,°!— B,") 


k 


k, 
( B,™* B,™®) 
k 


ek, 
(2A+1). 
2m 


Here, as in I, the symbol A refers to the spin-inde- 
pendent amplitude, B refers to the spin-dependent 
amplitude, and the subscripts p and m denote protons 
and neutrons, respectively. The correspondence between 
the spin-independent and the spin-dependent ampli- 
tudes and the amplitudes referring to states of fixed 


angular momentum is given by 
4 me 


A*= To) +47 01,3, 
Be! AT 1,4 - 4T 1, » 


Te i + iT ng 4» 


a on (4) 
Tne 9-47 me): 


Bme 


CAPPS 


Equations (4) are valid for either the neutron or the 
proton amplitudes. 

If the proton amplitudes are given by Eq. (2), where 
the values of ®, 9, and & are determined in the manner 
discussed above, and the procedure of I is followed, 
the photon-deuteron elastic and inelastic scattering 
cross sections may be recalculated. The results of this 
calculation, in the center-of-mass system, are shown in 
Figs. 3 and 4. 


3. METHODS OF INTERPRETING PHOTON-DEUTERON 
SCATTERING EXPERIMENTS 


The accuracy of the calculated results for photon- 
deuteron scattering depends on the accuracy of the 
assumed proton amplitude, the accuracy of the assumed 
neutron amplitude, and the validity of the impulse 
approximation for this process. (The computation of 
the interference factors F and S of I is here considered 
to be part of the impulse approximation.) Experi- 
mentally, it is possible to separate these effects to a 
certain degree. ‘The accuracy of the photon-proton 
amplitude may be checked, of course, by photon-proton 
scattering experiments. A partial check on the impulse 
assumption may be made by measuring the ratio of 
the elastic photon-deuteron cross section at one angle 
to that at another. This angular dependence is, in 
general, more sensitive to inaccuracy of the impulse 
approximation than it is to changes in the proton and 
neutron amplitudes. 

If the photon-proton amplitudes given here should 
agree with future experiments, and if the impulse 
approximation is accurate for the photon-deuteron scat- 
tering problem, then comparison of the results of future 
photon-deuteron scattering experiments with the curves 
of Figs. 3 and 4 will provide a test of the accuracy of 
the photon-neutron amplitudes assumed here. As dis- 
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Fic. 3. Calculated photon-deuteron differential elastic cross 
sections in the center-of-mass system, shown at incident photon 
laboratory-system energies of 120, 150, and 185 Mev. The curve 
corresponding to 185 Mev represents one-half the differential 
elastic cross section. 





PHOTON SCATTERING 


cussed in Sec. IIIB of I, the ‘charge symmetry assump- 
tion” used to compute the neutron amplitudes cannot 
apply exactly, since recoil terms involving the nucleon 
cores are not charge symmetric. Because of the inter- 
ference between the neutron and proton amplitudes in 
the scattering from deuterons, there is no simple relation 
by which the neutron cross section may be determined 
from proton and deuteron cross sections. However, the 
following general statements may be made. A larger 
value of the photon-neutron spin-independent electric 
dipole amplitude leads to a larger value of the total 
deuteron inelastic cross section, while the corresponding 
change in the total deuteron elastic scattering cross 
section may be either positive or negative, and is 
probably small. The reason for this effect is that the 
elastic scattering amplitude is coherent, and the Thom 
son amplitude for the proton is approximately equal to 
the mesonic effects in the sum of the proton and neutron 
spin-independent electric amplitudes. Therefore, the 
total elastic cross section, which depends on the square 
of this amplitude, is not very sensitive to a moderate 
change in the amplitude. On the other hand, the deu- 
teron inelastic cross section is sensitive to a change in 
any neutron amplitude, since this cross section is 
primarily incoherent. 

From similar arguments it can be seen that a larger 
value of either of the photon-neutron magnetic dipole 
amplitudes, or of the spin-dependent electric dipole 
amplitude, leads to a larger value of both the elastic 
and inelastic deuteron cross sections. In this case the 
fractional changes in the coherent parts of the cross 
sections are greater than the fractional changes in the 
incoherent parts, since these amplitudes have the same 
sign for neutrons as for protons. Thus, the total deuteron 
elastic cross section, which is completely coherent, is 
particularly sensitive to a change in the magnetic 
amplitudes or spin-dependent electric amplitude. 

The center-of-mass photon-neutron scattering cross 
section that can be calculated in the model used here is 
unlike the corresponding proton cross section in that it 
is about equally large in the forward and backward 
directions. This difference results from the lack of a 
negative Thomson term in the neutron spin-independent 
electric amplitude. Both the electric and magnetic 
spin-independent amplitudes are positive for the neu- 
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Fic. 4. Calculated photon-deuteron differential cross sections 
in the center-of-mass-system, shown at incident photon labora 
tory-system energies of 120, 150, and 185 Mev. These curves 
represent the sums of the elastic and inelastic cross sections 


tron, and thus interfere in such a manner as to increase 
the cross section at forward angles, and decrease it at 
backward angles. This asymmetry is approximately 
balanced, however, by the interference term in the 
spin-dependent part of the neutron cross section, which 
increases the back angles for the 
neutron, as well as for the proton. For photon energies 
greater than 120 Mev, the interference between the 
proton and neutron amplitudes in photon-deuteron 
scattering is fairly small for scattering angles greater 
than 90°. Hence, in this angular region, a rough esti 


cross section at 


mate of the neutron cross section may be made by 
subtracting the proton cross section from the sum of 
the elastic and 
Furthermore, one expects the deuteron cross section to 


inelastic deuteron cross sections 
be primarily inelastic in this range of energies and 
scattering angles. Further discussion of the accuracy of 
the model, and of methods of obtaining information 
concerning the photon-neutron scattering from experi 
ments involving deuterons is contained in Sec. IIIB 
IV of I. 


and Sec. 
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The associated production of strange particles by 1.1-Bev kinetic energy *~ mesons by the reactions 


1) « +p 


(2) x 


(3) am tp 


Z-+K*, 
»A-4 f, 
+09 4.90 


has been studied in a 12-in. propane bubble chamber. The total cross sections in hydrogen for the above 


reactions are 0.174+0.04 mb, 0.224-0.06 mb, and 0.214-0.06 mb, respectively. In the x 


the ZY is 


(0.746 156°°") K10~™ sec, respectively 


p center of-mass, 


produced in the forward direction while the A®° and 2° are produced in the backward direction 
Lifetimes for the 2, A®, and & are found to be (1.67 6 »t**) K10~™ sec, 


(2.24_6. 4*° ™) X10 sec, and 


From various angular distributions of decay products, we find that 


the data are consistent with spin 4 for the A® and Z~ and spin O for the #. The data are also consistent with 


parity conservation in strange particle decay 


I. INTRODUCTION 


INCE the original verification of the associated 

production of strange particles by Fowler e¢ al.' in 

a diffusion cloud chamber, the bubble chamber has 

proved to be a useful tool for investigating this phe 

nomenon, Presented below are partial results on the 
reactions 

wr +p-2 +Kt, 


r+ pon +e, 


r +p P+, YA!"+7, 


bubble chamber. In 
this paper we restrict ourselves firstly to those reactions 


as observed in a 12-in, propane 


in which the proton is at rest and unbound (hydrogen 
events) and secondly, in the case of reactions (2) and 
(3), to those events in which both the A® and @ are 
observed to decay in a charged mode, Data on single 
decays and on carbon events will be published at a 
later date 


Il. EXPERIMENTAL ARRANGEMENT 

The 1.1-Bev (kinetic 
was obtained at the Brookhaven Cosmotron by allowing 
the 2-Bev circulating proton beam to strike an internal 
graphite target in the south straight section, The re 


energy) negative-pion beam 


sulting pions were analyzed first in the Cosmotron field, 


SHIELDING 


STEERING 
~ MAGNET 


( > _ BUBBLE 


«i CHAMBER 


1. Floor plan showing experimental arrangement 
at Cosmotron 


S. Atomic Energy Commission 
and Whittemore, Phys. Rev. 98, 


* Supported in part by the | 
' Fowler, Shutt, Thorndike 
121 (1954 


then collimated, and then analyzed again in an 18-in. 
X 36-in. steering magnet. The experimental arrange- 
ment is shown in Fig. 1. 

The momentum resolution could be determined 
experimentally by examining those cases of the reaction 
nw +p-2~+K* in which the K* stopped. By measuring 
the range and angle of emission of the stopped Kt, one 
could determine fairly accurately the energy of the 
incident beam. Eight such events were observed, and 
from these we concluded that half of the beam is in- 
cluded in a momentum interval of + 2%. 

OF EVENTS 


Ill. SCANNING AND IDENTIFICATION 


31 000 pictures were taken in this m~ beam, with an 
average of 16 tracks per picture. Scanners were in 
structed to scan along the pion tracks for the following 
two categories of events: 

1. Pion tracks which appeared to end inside the 
chamber and which were associated with one or more 
V particles, such that a line from the end of the pion 
track to the vertex of the V fell inside the V. This 
insured the possibility of balancing transverse mo- 
mentum. This requirement introduced a_ bias 
against observing three-body decays of V°’s, since both 


last 


charged particles could conceivably be on the same side 
of the line of flight of the neutral strange particle, with 
transverse momentum being balanced by the neutral 
decay product. For this same reason we were biased 
against observing scattered V°’s. 

2. Y-shaped events, where the stem of the Y repre- 
sented the incoming pion. Further, it was required that 
at least one branch of the Y show a kink, representing 
or K* decay. In order to reduce the 
number of double pion scatterings included by this 


a possible 2 


criterion, we added the following two restrictions which 
all real 2° —K* events in hydrogen had to satisfy: 
(i) the total included angle between the supposed 2 
and K* had to be less than 90°; (ii) one track had to 


make an angle <30° with respect to the incident pion. 
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ASSOCIATED PRODUCTION 

Those events selected by the scanners under the 
above criteria were then rescanned to see if they could 
be rejected by inspection for any reason. If not, the 
stereoscopic pairs of film negatives were measured on a 
travelling microscope capable of measuring film co- 
ordinates to an accuracy of 0.002 in. on the average. 
Selected points on each event were measured in this 
way, the film-coordinate measurements being trans- 
ferred to punched cards and processed on an IBM 650 
computer. Results obtained from the computer included 
coordinates in space of each point measured, lengths of 
line segments, angles between line segments, angles 
between lines and planes, and angles between planes. 

A°—@ and > —K? events were identified as those 
which satisfied the following criteria : 

1. The production event had to be coplanar within 
measurement error (usually <1°). 

2. The angles of production and decay had to agree 
with those calculated by kinematics under the assump- 
tion of associated production. 

3. Ranges of stopping particles had to agree with 
calculated values. 

4, Observed bubble density and multiple scattering 
of each track had to agree qualitatively with predicted 
values. 


>°—@ events had to satisfy the above criteria, except 
that the apparent production event (that formed by 
the observed A° and @) could be noncoplanar by a few 
degrees due to the unseen y ray from the 2° decay. 


IV. CROSS SECTION AND ANGULAR 
DISTRIBUTION OF PRODUCTION 

In the 31 000 pictures analyzed by means of the above 
criteria, we have found (1) 51 cases of r+ p-2~+K* 
(in 44 of which the X~ decays), (2) 15 cases of 
wr +p—A°+@ where both the A® and @ were observed 
to decay via charged modes, and (3) 14 cases of 
r+ p-—>°+ where both the A° and & were observed 
to decay via charged modes, where in all cases the 
struck proton was assumed to be at rest and unbound. 

The uncorrected cross section for 2~ production is 
0.09 mb. Since the scanning efficiency was less than 
100%, this represents a lower limit to the cross section. 
By examining the distribution of events along the beam 
direction we were able to determine the scanning 
efficiency as a function of position. Also considered were 
“edge effects’ due to chamber walls, beam attenuation 
due to interactions in the liquid of the chamber, and 
lowered efficiency of detecting unstable particles with 
very short decay lengths. As a result of evaluating and 


applying these corrections, we found the corrected total 


cross section for Z~ production by x +p-—2~+ Kt in 


hydrogen to be 


0.17+0.04 mb, 


y 
Troral(Z } 


where the error is the standard deviation. 
Calculating the total cross section for 2° and A° 
production involved evaluating similar scanning-effi- 
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2. Center-of-mass production angular distribution 
for r+ p-2~+-K* in hydrogen 
cienc y corrections, plus the effect of long-lived or neutral 
decay modes of the A°® and @. If one takes a(A°) = 0.66 
as the probability that a A® will decay via a short-lived 
charged decay mode, and a(@) = 0.42 as the probability 
that a @ will decay via a short-lived charged decay 
mode,’ one finds the total cross section for 2° production 


by r +p-2°+@ in hydrogen to be 


0,.21+-0.06 mb, 


vou 
Trotalla ) 


and for A° production by m-+p-+A°+@ in hydrogen 
to be 


Ototat (A®) = 0.224-0.06 mb, 


where again the errors represent standard deviations 
and do not include any error in determining the charged 
decay probabilities a(A°) and a(@°), Omitted also are 
possible errors of identification, which could be ap 
production. In this case 
there is a possibility of confusing w+ p-2°+@ occur 
ring in hydrogen with mw +p-A°+@ occurring in 
carbon.’ Our results in general are in agreement with 
those of Budde et al.‘t 

We have also determined the angular distribution of 
p center-of-mass system, The 
t+ pz + K* 


are shown in Fig. 2. We are biased against seeing events 


preciable only for the case of 2° 


production in the w 
uncorrected experimental results for m 


in which the X~ is produced at less than 10° in the 


center-of-mass system, since in these cases the K‘ 


2M. Schwartz (private communication). Values from the 
Michigan data will be published in a forthcoming paper 

4 For further remarks on this point see Brown, Glaser, Meyer, 
Perl, Vander Velde, and Cronin, Phys. Rev. 107, 906 (1957) 

‘ Budde, Chretien, Leitner, Samios, Schwartz, and Steinberger, 
Phys. Rev. 103, 1827 (1955) 

t Note added in proof.—An estimate 
together with a revised estimate of scanning efficiencies 
have led to the following values for total cross section 


a(Y K*) #0.1740.04 mb 


a (AP) = 0.21 40.08 mb 
a (LP) =0.154+0.06 mb 


of carbon contamination, 
ete 


The carbon contamination was calculated by assuming the center 
of-mass production angular distribution in carbon to be the same 
as in hydrogen and then calculating sample cases of kinematics 
assuming representative values of proton Fermi momentum. The 
fraction of such cases which could be confused with hydrogen 
kinematics led to the estimate of carbon contamination. The 
contamination was essentially independent of the center-of-mass 
production angle 
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Fic. 3. Center-of-mass production angular distribution 
for x + p-—+2°+-@ in hydrogen 


range is less than 1 mm, The angular distribution of 
production of the reaction r+ p-2°+@ is shown in 
Fig. 3 and is seen to be quite unlike that for 2~—K* 
events. Scanning-bias effects for Fig. 3 are presumed 
small. As previously mentioned, there could be some 
contamination from non-2°—@ events. The center-of- 
mass angular distribution of production of the A° in 
nw +p-*A°+@ is shown in Fig. 4 and is characterized 
by a pronounced peak in the backward hemisphere. 


V. LIFETIMES OF 2~, A°, 6° 


One can calculate by means of the maximum 
likelihood method the lifetimes of the =~, A®, and @.° 
Potential paths were calculated graphically; in the 
case of A° and @ decays, the potential paths were calcu- 
lated up to 0.5 cm of the walls, since it was felt that a 
decay occurring closer to the walls than this would go 
unrecognized, Events in which only one V° was ob- 
served to undergo charged decay were not included. 
The S’ functions of reference 5 for the =~, A®, and & 
are plotted in Fig. 5. Skewness corrections, although 
small, have been applied. The results for the lifetimes 
are then 

7r(>~) = (1.67_0.2*°™) X 10-" sec, 


r(A°) (2.24 0 at? x10 10 sec, 


7 (0) = (0.74_0.15*°*") K 10- sec. 
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Fic. 4. Center-of-mass production angular distribution 
for r~+ p-—A°+-@ in hydrogen 


*M. S. Bartlett, Phil. Mag. 44, 249 (1953) 
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Fic. 5. S’ function (in standard deviations) as function 
of 1 for 2~, A®, &. 


Errors quoted represent 63% confidence limits. There 
might have been ascanning bias against seeing decays far 
from the point of production, which might have tended 
to favor shorter lifetimes. The magnitude of this bias is 
presumed small because of the internal consistency of 
the data with one lifetime. 


VI. ANGULAR DISTRIBUTIONS OF DECAY 


Two observable angular distributions relating to the 
decay of the X~, A°, and & which have some theoretical 
significance® are described in reference 6. These angular 
distributions are defined in the rest system of the de- 
caying strange particle. Referring to Fig. 6, we define 
the z axis as the line of flight of the strange particle, 
the y axis as the positive normal to the production 
plane, and the x axis as the line perpendicular to the 
y and z axes (hence in the production plane). The 
from the strange-particle decay together with the z 
axis define a decay plane D. ‘The azimuthal angle @ is 
the angle between the decay plane and production 
plane and can take on values between 0 and 2x. The 
latitude angle 6, which can take on values between 0 
and , is the center-of-mass decay angle of the baryon 
or rt with respect to the line of flight of the strange 
particle. For the 6°, we can only determine 0< @< 2/2, 
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Fic. 6. Coordinate 
system used in study of 
y  strange-particle decays. 
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°G. Morpurgo, Nuovo cimento, 3, 1069 (1956) and 4, 1222 
(1956). 
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O<Sd< 7/2, 
of the decay products is the w~. Also, for the A°’s 
produced in 2°—@ reactions the significance of the 
distribution /(@) is not clear because of the intermediate 
decay of the d°. 

The observed events have a distribution in @ averaged 
over ¢, 7(@), and another distribution in @ averaged 
over 6, I(). The spin of the strange particle, the 
existence of parity doublets, and the conservation or 


since in general we cannot determine which 


nonconservation of parity in the strange-particle decay 
will all affect the angular distributions /(@) and /(@). 
Unfortunately we can say little about the existence of 
parity doublets, since the effect of this phenomenon 
upon /(@) and I(@) requires a detailed knowledge of 
the production reaction which we do not possess. 

If parity is not conserved in strange-particle decay 
there is no effect on the distribution /(@), but the dis- 


tribution /(@) (for spin 5 particles) is of the form 


I (p) = (2/r) {1+ B, sing}, 


where | B,| <w/4. The presence of the sin @ term arising 
from parity nonconservation means that 


I(p)AI(Qxr—$). 


In view of the scarcity of the data, the only statistically 
significant test we can make to see if this term is present 
is to examine the ratio 


V(OS@<mr) 14+2B,/n 


VirSg@<2r) 1—2B,/r 

where .V(@,;< $<») is the number of events having @ 
in the indicated interval. For A°’s produced in A°—# 
reactions, we find S(A°)=8/5. If B, were actually zero, 
i.e., parity were conserved in A° decays, we would 
observe a value of S deviating this far or farther from 
unity 58% of the time. For the 2~ decays, the observed 


value of S is S(2~)= 25/19. Again, if parity were con- 
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served in the Y~ decays, we would observe a value of S 
deviating this far or farther from unity 459% of the 
time. For # decays, we cannot observe @ directly, since 
we cannot tell in general which track is the m~; hence 
for the A°®, =~, 
and # our data do not contradict the conservation of 
parity in the decay interaction. 

We consider next the question of the intrinsic spins 
of the A°, 2~, and @. For partic les of spin O or , I (p) 
and /(cos@) are isotropic. Our experimental results are 
shown in Figs. 7 and 8, where we have folded our 


we cannot observe the ratio S. Thus, 


experimental distributions so that @ and @ run from O 
to /2, in order to bring out any anisotropy. 

For decaying A®’s arising from A°—@ events, the 
data are too few to make a x? test of the /() distri 
bution. The /(@) distribution for A°’s from A@ and 2@ 
events has a x? probability of 0.1 of arising from an 
isotropic distribution. This should not be considered 
significant in view of a conceivable bias against decay 
with 6~0° due to the short m~ range. For the #, both 
the @ and @ distributions are consistent with spin 0, 
the x’ probabilities being 0.8 and 0.7, respectively. For 
the >, both the @ and @ distributions are consistent 
with spin }, the x’? probabilities of these two distri 
butions being 0.16 and 0.85, respectively. ‘Thus, our 
data are consistent with spin 5 for the A° and 2~ and 
spin O for the #&. 
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The relative yield of positive pions from H, C, 


1957) 


Al, Cu, Ag, and Pb produced by 335-Mev bremsstrahlung 


has been measured with a counter telescope at 5 angles to the beam line ranging from 45° to 150° and at 9 
meson energies extending from 12 Mey to 125 Mev. The pion production cross sections at all angles and at all 
energies of 65 Mev or lower follow approximately a Z/A! dependence. Fair agreement with the optical model 
is obtained at the lower energies, provided account is taken of effects of the Coulomb potential and the 
potential arising from the pion-nucleon interaction. In the intermediate region from 22.5 to 65 Mev, the 
yields from the heavy nuclei are somewhat lower than predicted. At pion energies of 95 and 125 Mev, where 


the production cross sections follow more nearly a Z dependence, 


it is possible to get moderately good 


agreement with theory by considering the effects of the Coulomb potential on the production near the cutoff 


energy 


I, INTRODUCTION 


HE efficiency of: photoproduction of pions from 

complex nuclei has been shown to exhibit ap- 
proximately an A! dependence.'~® This result has been 
explained in terms of an optical model in which the 
mean free path for a meson interaction is so short that 
mesons effectively come only from the surface of the 
nucleus, Such a short mean free path for meson inter- 
nuclear matter, of the 
Compton wavelength for pions of energy around 60 
Mev, 
nucleus scattering experiments.’ 


action in order of a meson 
has been confirmed by meson-nucleon and meson- 
Sut these same experi- 
ments predict a meson mean free path of at least 10 
meson Compton wavelengths for pions of energy less 
than 30 Mev. 
for the photoproduction efficiency would predict a yield 
per effective nucleon that would be nearly independent 
of A 


The A dependence of rt photomeson production has 


At the lower energies, the optical model 


previously been measured only for pions of energy 
greater than 33 Mev and then only at one angle in each 


case. Furthermore, no data exist on the 4 dependence 


of the yield of positive pions having an energy greater 
than the cutoff value for production from hydrogen. 


In this case, the internal momentum distribution and 
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Oregon, 
R. F 


the Coulomb potential should have pronounced effects. 
It was therefore felt desirable to extend the measure- 
ments to lower and higher energies and other angles. 
C, CH), Al, Cu, 
were bombarded at the Berkeley 335-Mev synchrotron 
Mev to 
125 Mev were observed at a laboratory angle of 135°. 
Yields of 46- 65-Mev 
laboratory angles varying from 45° to 150°. 


In this experiment, Ag, and Pb targets 


and positive pions of energies ranging from 12 


and pions were measured at 
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Fic. 1. Experimental layout showing relative positions of 
target, detector, and shielding, (a) without and (b) with a mag 
netic field for deflecting the pions 
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Z DEPENDENCE OF 


POSITIVE 


PION PRODUCTION 


TABLE I. Relative positive-pion yields per — in the nucleus at 135° to the incident beam. At each pion energy the 


relative yields 


nave been normalized to a carbon value of 1.00, 


Target nucleus 


Pion energy 


(Mev H Al 


1,00+0.09 
1.00+-0.06 
1,00+-0.04 
1,00+0.05 
1.00+0.03 
1.00+0.04 
1.00+0.03 
1.00+0.08 
1.00+0.14 


2.6140.76 
2.46+0.36 
1.26+0.27 


12 +6 
16.54+4.5 
22.5+6.0 
30 +4,5 
36 +4 
46 +4 
65 +4 
95 +3 
125 +3 


1.734+0.36 
1.92+0.16 
1.95+0.42 


II. EXPERIMENTAL METHOD 


To minimize accidental the spread-out 
synchrotron beam was used so that the duration of each 
pulse was about 4 msec. The beam was monitored with 
both a thin-walled ionization chamber and a thick- 
walled copper ionization chamber of the type used at 
Cornell, as shown in the experimental layout diagrams 
of Figs. 1(a) and 1(b). Positive pions emitted from the 
target were detected by their characteristic r— decay 
in a counter telescope, consisting in its most complete 
form of four plastic scintillators and one Plexiglas 
Cerenkov counter as shown in Fig. 2. The mesons are 
partially identified in the telescope by a prompt co- 
incidence 1+3—2—5, where 2 is the Plexiglas Cerenkov 
counter which is insensitive to pions in the energy band 


counts, 


selected by the telescope. This energy band is deter- 
mined by the thickness of absorber necessary to slow 
down the pions and cause them to stop and decay in 
the fourth counter, where the identification is completed 
by making a delayed coincidence with the uw pulse. The 
block diagram of the electronics (Fig. 2) outlines the 
operation of the telescope and is essentially similar to 
what has been described in a previous paper.* 

The Cerenkov counter was used only for the heavier 
elements at the forward angles where the electron 
background became excessive. In order to measure the 
meson yields at the lower energies it was necessary to 
remove the Cerenkov counter. For the lowest energy 
points, one of the front two scintillators was also 
removed. The deflecting magnet shown in Fig. 1(b) 
served as an aid in reducing the electron background so 
as to permit detection of low-energy mesons. 

The targets were all considerably larger in cross- 
sectional area than the x-ray beam which was about 
1.5 inches in diameter at the target. For meson energies 
above 30 Mev, the targets were of thickness between 
0.5 and 1.75 g/cm? in the direction of the beam. For 
the lower energy points, the targets were all less than 
1 g/cm? thick. 

* Imhof, Easterday, and Perez-Mendez, Phys. Rev. 105, 1859 
(1957) 


0.7740.12 
0.98+0.09 
0.7740.04 
0.92+0.05 
0.89+0.03 
0.89+0.04 
0.86+0.03 


Cu \g Pb 


0.68+0.10 
0.7640.08 
0.67 +0.04 
0.794+0.05 
0.7440.03 
0.764+0.04 
0.64+0.03 
1.034-0.09 
1.75+0.30 


0.3140.06 
0.28+0.04 
0.30-+0.04 
0.314-0.09 
0.43-4-0.06 
0.49+0.03 
0.42+4-0.04 
0.80+0.12 
1.70+4-0.30 


0.45+0.08 
0.45+40.05 
0.51+40.06 
0.60+0.06 
0.6640.03 
0.65+0.04 
0.61 40.03 
1.15+0.10 
1.96+40.28 


III, RESULTS 


Corrections were made for the absorption of the x-ray 
beam in each target, the nuclear interactions of the 
emitted pions in each target, and the variation with 
target of the energy resolution of the detector. None of 
these corrections amounted to more than 5%. Cor 
rections which would merely change the detection 
efficiency by the same factor for all targets were not 
considered since only the Z dependence at each meson 
energy was of interest. However, for measurements of 
the energy spectrum from carbon, it was also necessary 
to consider nuclear absorption and multiple Coulomb 
scattering of the pions in the energy degrader and the 
energy dependence of the detection interval. ‘Tables 
I-III give the final data after the corrections were 
applied to the raw data. The errors shown are the 
standard deviations due to the counting statistics. 


IV, DISCUSSION 


Curves for both a 1/A! and a constant dependence 
of the meson production efficiency per proton on the 
atomic mass number are shown in Fig. 3 superimposed 
on the data taken in this experiment at 135°. Figure 4 
is a similar plot of the data taken at other angles. The 
pion production cross sections at all angles and at all 
energies of 65 Mev or lower are seen to follow approxi 
mately a 1/A! dependence 
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Pasie I. Kelative positive-pion yields per proton in the nucleus at 45°, 90°, 120°, 135°, and 150° to the incident bean 
\t each pion energy the relative yields have been normalized to a carbon value of 1.00 at 135 


Target nucleu 


i ( 
1.2340.19 
219+40.24 
2.0340.26 
1.924016 
1.7740.23 
1.29+0.21 
2.164-0.24 
2.204+0.21 
1.95+40.42 
1.704-0.23 


These experimental results will now be compared 
with theoretical predictions based on the optical model. 
The efficiency of photomeson production from a nucleus 
was predicted by Brueckner, Serber, and Watson,’ 
according to the optical model, to be equal to 


| 
(1) 


dy 


where x=2R/d, R=rAt=radius of nucleus, and 
A=mean free path for absorption of mesons in nuclear 
matter. In order to calculate the A dependence, it is 
necessary to take effects of the 
Coulomb potential, the potential arising from the pion 


momentum distri 


also into account 


nucleon interaction, the internal 
bution of the nucleus, and scattering of the pions inside 
the nucleus. Consideration will now be paid to each of 
these effects 

The Coulomb potential influences the A dependence 
of the production cross section in three different ways. 
‘l'wo of these arise from the fact that even though the 
momenta outside the nuclei of the pions observed from 
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hic, 3. Relative x’ yields per proton in the nucleus at 135 


normalized to a carbon value of 1.00. Superimposed on the data 


are curves for a constant production efhiciency and for a 1/A! 


production efficiency 


®* Brueckner, Serber, and Watson, Phys. Rev. $84, 258 (1951 


0.75+0.04 
1,054-0.04 
1.05+0.04 
1,00+-0.04 
0.954-0.04 
0.84+-0.05 
1.164-0.05 
1.09+-0.04 
1.00+-0.03 
0.914-0.04 


\ i \g Pb 
0.44+0.04 
0.714-0.04 
0.594-0.04 
0.65+0.04 
0.67 +0.05 
0.41+0.04 
0.60+0.05 
0.62 4-0.04 
0.61+0.03 
0.60+0.05 


0.514-0.04 
0.754-0.04 
0.78+-0.04 
0.7640.04 
0.724-0.05 
0.48+-0.04 
0.78+0.05 
0.69+-0.04 
0.6440.03 
0.604-0.04 


0.434-0.07 
0.564-0.07 
0.49+0.03 
0.42+0.05 
0.36+0.05 
0.44+-0.04 
0.46+0.04 
0.42+-0.04 
0.44+0.05 


the various nuclei are identical, inside the nuclei the 
momenta of the mesons to be detected are different 
owing to the presence of the Coulomb potential. The 
meson production cross section depends on the kinetic 
energy inside the nucleus of the emitted pion, 7,—V x 

Vc, where 7, is the pion kinetic energy outside the 
nucleus, Vz is the real part of the optical model po- 
tential, and V¢ is the Coulomb potential. Therefore, 
the relative yield of pions of a given energy at the 
detectors depends on the Z value of the nucleus, For 
calculation, V ¢ was assumed to be the same throughout 
the nucleus as at the nuclear boundary, and Vz was 
taken from the work of Frank, Gammel, and Watson.!° 
Since their values of Vz, at the pion energies considered 
here, can be fitted approximately by the expression 

0.40(7,—Vr—Ve),* the pion kinetic energy inside 
the nucleus is (5/3)(7,—Vc). The experimentally 
observed"? energy spectrum of pions produced from 
carbon with a 335-Mev bremsstrahlung beam was used 
to calculate the change in the relative production of 
pions from nuclei with different values of Vc. To a first 
approximation the effect of changing Vc is to shift the 
energy scale on this spectrum, the spectrum being 
shifted out in energy for the heavier nuclei.” At low 
energies, the production from the heavy elements is 
reduced because of this effect ; at intermediate energies, 
there is no effect; and at high energies, the yield from 


the heavy elements is increased. In order to make this 
calculation at 95 and 125 Mev it was necessary to meas 


Pas.e IIT. Relative yields of pions of various energies from 
carbon at 90° and 135 


Mean pion energy 
Mev 90° 135 


79.042.9 
65.64-3.0 
31.9+2.0 
11.2414 

2140.6 


45 94.2+3.8 
65 82.4+4.2 
RS §5.14+3.0 
105 29.94+2.0 
125 &.6+1.0 


Frank, Gammel, and Watson, Phys. Rev. 101, 891 (1956). 
! Peterson, Gilbert, and White, Phys. Rev. 81, 1003 (1951). 
“ W. F. Dudziak (private communication 

l. Kinoshita, Phys. Rev. 94, 1331 (1954 





2 DEPENDENCE OF POSSI 
ure the pion energy spectrum from carbon in this region, 

as shown in Fig. 5. A second consequence of the different 

pion kinetic energies inside nuclei of various elements 
corresponding to a common energy outside is that the 

pion mean free paths, which are a function of the meson 

kinetic energy inside the nucleus, (7,—Vr—Vc), are 

different inside nuclei of different Z values. The ap- 

propriate mean free path in each case was taken from 

the work of Frank, Gammel, and Watson. 

The third way in which the Coulomb potential 
influences the A dependence of the production cross 
section is that the production of low-energy mesons 
from heavy nuclei is affected by the Coulomb barrier. 
Transmission of the mesons through this barrier was 
calculated on the basis of the WKB approximation" 
for S-wave mesons. Since it is possible that P, D, F, etc. 
wave mesons are also produced, their transmission 
through the centrifugal and the Coulomb barrier was 
calculated. A prediction of the effect of these trans- 
mission probabilities on the relative production of pions 
from the various nuclei requires knowledge of the 
fraction of pions produced in S, P, D, etc. states. A 
reasonable distribution in angular momenta of the 
pions was obtained by assuming that all pions are 
produced in an / state if they are produced at a position 
in the nucleus such that the perpendicular distance from 
the line of motion of the pion to the center of the nucleus 
r, is given by lh/p<r,< (1+1)h/p. The resulting trans 
mission of pions through the centrifugal barrier, when 
averaged over the different angular momentum states, 
did not exhibit any pronounced dependence on the 
mass number. Since inclusion of pions in P, D, F, etc., 
states does not seem to affect the A dependence of the 
production very strongly, only the effect of the Coulomb 
barrier on the production of S-wave mesons was con 
sidered. The transmission for S-wave pions of energy 
greater than about 30 Mev is practically unity, so the 
Coulomb barrier does not influence the yields predicted 
for higher energy mesons. 

The efficiency of pion production from a complex 
nucleus relative to that from a free nucleon is also 
influenced by the momenta of the nucleons in the 
nucleus.’® The presence of internal momentum results 
in a wide spread in the gamma energy required for 
production of a pion at a particular energy and angle. 
Depending on the gamma energy required for pion 
production from a free nucleon, the internal momentum 
in a complex nucleus can thereby cause either an in- 
crease or a decrease in the production efficiency. 

In interpreting the data of this experiment, one must 
therefore consider the effects of any internal momentum 
differences between carbon, aluminum, copper, silver, 
and lead. To get a quantitative measure of the relative 
internal momentum distributions of these elements, 
the pion productions were measured under extreme 


“J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952), pp. 358-62 
16M Lax and H. Feshbach, Phys. Rev. $1, 189 (1951 
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Fic. 4, Relative r* yields per proton in the nucleus at energies 
of 46 and 65 Mev and at angles of 45°, 90°, 120°, and 150°. The 
yields at each energy and angle are normalized to a carbon value 
of 1,00. Superimposed on the data are curves for a constant and 
for a 1/A! production efficiency 


kinematical conditions. Pions of energy 125 Mev and 
95 Mev were observed at 135° to the bremsstrahlung 
beam. The relative yields are shown in Fig. 10. No such 
pions could be produced from hydrogen since a 385 
Mev photon would be required to produce a 95-Mev 
pion at this angle. For pions of this energy, the mean 
free path in the nucleus is known to be about Iro, where 
ro= 1.4 10-" cm. The predicted A dependence, when 
the shift in the energy spectrum due to the Coulomb 
potential is taken into account, is shown in Fig. 10 
Since a fair agreement is obtained with the experimental 
data in the extreme cases, it is concluded that any 
internal momentum differences between carbon, alu 
minum, copper, silver, and lead should have small 
effect on the pion production efficiency at the lower 
energies 
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hic. 6. Ratios of r* photomeson production efficiency from 
carbon relative to that from hydrogen at 135 


Another indication of the effect of the internal mo- 
mentum distribution on production of low-energy pions 
was obtained by comparing the production cross section 
from hydrogen to that from carbon. As shown in Fig. 6, 
there is no evidence for a strong energy variation of the 
production efficiency from carbon relative to hydrogen. 
Since the difference in momentum distribution between 
carbon and hydrogen is much greater than that between 
carbon and the heavier nuclei, which by the above 
analysis seems to be quite small, it is unlikely that the 
relative production cross sections from C, Al, Cu, Ag, 


Al Cu Ag Pb 
40 70 «+100 200 

MASS NUMBER 
lic. 7, Relative r* yields per proton in the nucleus at 135° at 
pion energies of 12 and 16.5 Mev. The yields at each energy are 
normalized to a carbon value of 1.00. The dashed curve represents 
the yield calculated on the basis of the optical model with neglect 
of the Coulomb potential. The solid curve represents the yield 
predicted when the effects of the Coulomb potential are included 


AY, AND PEREZ-MENDEZ 
and Pb as a function of energy are very greatly affected 
by the momenta of the nucléons in the nucleus. 

The optical model interpretation considered here is 
based on the assumption that the mesons are produced 
in the nucleus with an isotropic angular distribution. 
Although the angular distribution of photomesons from 
H at these energies is isotropic within about a factor of 
two,'*"7 McVoy'® estimates that in a nucleus, under 
the conditions of this experiment, production in the 
forward hemisphere may be much more likely because 
of momentum-space requirements. Some evidence that 
this effect may not be too serious appears in the experi- 
mental observation, shown in Fig. 4, that the A de- 
pendence of the meson yields is approximately inde- 
pendent of angle. Although there are no experimental 
data on angular distributions for mesons of energy less 
than 46 Mev, any pronounced variations would seem 
rather unlikely. 

The expression f defined in Eq. (1) assumes that all 
the meson interactions are of an absorption nature and 
that the pions are not scattered in the nucleus. Scat- 
tering would permit mesons, initially created at an 
energy too high for detection by the counters, to be 
degraded in energy, before leaving the nucleus, suffi- 
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Fic. 8. Relative r* yields per proton in the nucleus at 135° at 
pion energies of 22.5, 30, and 36 Mev. The yields at each energy 
are normalized to a carbon value of 1.00, The dashed curve 
represents the yield calculated on the basis of the optical model 
with neglect of the Coulomb potential. The solid curve represents 
the yield predicted when the effects of Coulomb potential are 
included 


‘© Walker, Teasdale, Peterson, and Vette, Phys. Rev. 99, 210 
(1955) 

'? Tollestrup, Keck, and Worlock, Phys. Rev. 99, 220 (1955) 

'*K. MeVoy, thesis, Cornell University, 1956 (unpublished 





Z2 DEPENDENCE OF POSI 
ciently to be detected. McVoy'® has shown that the 
contribution of such scattered pions to the experi- 
mentally measured cross sections would have a de- 
pendence on \ and A given by (1— f) f. The contribution 
of w*’s resulting from a charge exchange scattering of 
r’s would have.a similar dependence on \ and R. For 
a given ) these scattered-in contributions have an 
efficiency, (1—/)f, which decreases less rapidly with 
increasing A than the direct contribution, f, 
Thus, the presence of a scattering-in contribution 
would, if anything, raise the predicted production 
efficiency at the heavy nuclei. So scattering effects 
would not improve the theoretical agreement with the 
data between 22.5 and 65 Mev. 

Theoretical predictions of the A dependence of the 
pion production efficiency based on the optical model 
and the effects considered above are superimposed on 
the data in Figs. 7, 8, 9, and 10. Theoretical curves are 
given both with and without consideration of the effect 
of the Coulomb potential. 

At pion energies of 12+6 Mev and 16.5+4.5 Mev, 
effects of the Coulomb potential are seen to be sufficient 
to bring the theoretical predictions into general agree 
ment with the data. Similarly, consideration of the 
effects of the Coulomb potential on the optical model 
predictions at 954+3 Mev and at 125+3 Mev seems 
nearly sufficient to explain the data. The slight dis 
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Fic. 9. Relative r* yields per proton in the nucleus at 135° at 
pion energies of 46 and 65 Mev. The yields at each energy are 
normalized to a carbon value of 1.00. The curve represents the 
yield calculated on the basis of the optical model with neglect of 
the Coulomb potential. Since at these energies the Coulomb 
barrier has little influence and the production cross sections can be 
considered independent of energy, effects of the Coulomb potential 
are not considered 
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Fic. 10. Relative #* yields per proton in the nucleus at 135° at 
pion energies of 95 and 125 Mev 
normalized to a carbon value of 1.00, The dashed curve represents 
the yield calculated on the basis of the optical model with neglect 
of the Coulomb potential. At these energies the Coulomb potential 
is important only because of the strong dependence of the pro 
duction cross section on pion energy. The solid curve represents 
the yield predic ted in the presence of a Coulomb potential when 
the dependence of the yield on pion energy shown in Fig. 5 is 
included 


The yields at each energy are 


crepancy that still exists could probably be explained 
by considering differences in the internal momentum 
distribution of the various nuclei. At the intermediate 
energies, 22.5 to 65 Mev, the data seem to be somewhat 
lower than predictions based on the effects considered 
above. However, these theoretical predictions are based 
on many approximations and might well be brought 
into agreement with the data if more detailed calcu 
lations are made. 

In addition to the optical model as considered above, 
another mechanism which would affect the photopion 
production efficiency has been postulated by Butler.’ 
He suggested that photomesons are produced prefer 
entially on the surface of nuclei, production in the 
such 


nuclear core being suppressed. A mechanism for 


suppression, in which the emitted meson is reabsorbed 


by the parent nucleon and its nearest neighbor, was 
proposed by Wilson.” This surface production model 
predicts a 1/A! production efficiency regardless of the 
magnitude of the mean free path for meson absorption 
Although the results of this experiment are consistent 
with such a surface production model, it does not appear 
to be necessary to invoke its additional assumptions 


1S. T. Butler, Phys. Rev. 87, 1117 (1952 


*™R. Wilson, Phys. Rev. 86, 125 (1952); 104, 218 (1956 
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since the data are also in fair agreement with the optical 
mode] 
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Bubble Density in a Propane Bubble Chamber* 


WiLtiam J. Wittist AND Earie C. Fowver, Yale University, New Haven, Connecticut 


AND 


Davin ©. Raum, Brookhaven National Laboratory, U pton, New York 


(Received August 6, 1957) 


Measurements of the number of bubbles per centimeter in a propane bubble chamber are described 
\ method insensitive to the effects which cause inefficiency in direct bubble counting was used, based on the 
distribution of bubble spacings. The number of bubbles per centimeter measured by using this method is 


consistent with the rate of delta-ray formation 


HE results of counting the number of bubbles per 
centimeter on tracks in a propane bubble chamber 
of particles having known velocities were reported by 
Glaser et al.' We have observed that bubble 
counting underestimates the bubble density because of 


direct 


losses due to limited optical resolution and possible 
bubble coalescence. We have measured bubble densities 
for some of the tracks used by Glaser ef al.,’ using, 
however, a method which is insensitive to the prin 
cipal effects which cause inefficiency in direct bubble 
counting.” 

If the bubbles are distributed at random (i.e., giving 
a Poisson distribution) along the track, the distribution 
of the lengths of the spaces between bubbles is given by 


{(x) 


me”, 


where m is the average number of bubbles per unit 
length. On a semilogarithmic plot, the slope of the 
distribution gives m. A typical example of an experi 
mental distribution is shown in Fig. 1. The points 
follow a straight line down to a certain spacing, then 
fall off. The optical resolution and the bubble diameter 
of the tracks chosen are both approximately equal to the 
spacing at which the distribution fails to be random, 
so coalescence of the images or of the bubbles themselves 
is presumably responsible for the failure to observe 
small spacings 

The slope of the experimental distributions for large 
spacings was taken to give m. The temperature of the 


* Research carried out under the auspices of the U. S. Atomic 
Energy Commission 

t National Science Foundation Predoctoral Fellow 

' Glaser, Rahm, and Dodd, Phys. Rev. 102, 1653 (1956 

? Willis, Fowler, and Rahm, Bull. Am. Phys. Soc. Ser 


1957 


II, 2, 6 


chamber varied appreciably in runs at different mo- 
menta. The tracks at minimum ionization (pions) which 
were in each set of pictures, were used to normalize the 
dense tracks (protons) to the temperature of one set of 
pictures by multiplying by the ratios m for pions. 

The results, for two temperatures and several mo- 
menta, are shown in Fig. 2, along with the results of the 


1000 











— a 
280 


i ! | ! ! 
40 80 120 160 200 240 
jt 


Fic 1. The distribution of the number of bubble spacings 


plotted against the length of the spacing on the film, for a track 


vith ionization 2.3 times minimum in propane at 55.5°C 





BUBBLE DENSITY IN A 
direct bubble-counting from Glaser et al.! The bubble 
densities obtained by this method are higher than those 
obtained by direct bubble-counting by almost a factor 
of three for very dense tracks. 

The values of m obtained from the spacing distribu- 
tion fit m=C(T)/6*, which is proportional to the 
number of delta rays per centimeter, if those secondary 
electrons that are energetic enough to leave a recog- 
nizable track are excluded. This dependence has been 
predicted by Glaser et al.' and by Askarian.’ In order to 
fit the present data it has not been necessary to intro- 
duce a term which is independent of the velocity of the 
incoming particle.’ Only a portion of the tracks 
analyzed in reference 1 has been remeasured since 
further measurements did not seem indicated in view 
of the lack of reproducibility of the chamber sensitivity. 

The 1/8? dependence is obtained on the assumption 
that bubbles are formed only at the end of stopping 
delta rays. Another possibility is that, as in the cloud 
chamber, the number of bubbles per centimeter is 
proportional to the probable specific ionization (the 
total average ionization produced by the primary 
particle and all its secondary electrons having an energy 
less than n). This quantity is given by® 


dk 2mc*B*n 
( ) in ) — 3? |}, 
dx J gen (1—f*)]? 


where J is the average ionization potential, about 50 ev 
in propane. Delta rays in propane having energies 
n>70 kev would leave tracks visibly displaced from 
the primary (that is, of length greater than about 200 
microns). Thus the expression in square brackets is 


Pe 
in( 2.810" )-« 
i-s/ 


3G. A. Askarian, J. Exptl. Theoret. Phys. U.S.S.R. 30, 610 
(1956) (translation: Soviet Phys. JETP 3, 4 (1956) ]. 

4 Bertanza, Martelli, and Tallini, Nuovo cimento 5, 940 (1957). 

®'E. A. Uehling, in Annual Review of Nuclear Science (Annual 
Reviews, Inc., Stanford, 1954), Vol. 4, pp. 315-350; B. Rossi, 
High-Energy Particles (Prentice-Hall, Inc., New York, 1952) 
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Fic. 2. Number of bubbles per cm along the track as a function 
of 1/6*. Results are plotted for two different temperatures. The 
circles are the results of the present measurements and the tri 
angles those of Glaser et al.’ Both measurements are on the same 
set of pictures 


which is a slowly varying function of £. 
In fact, in the region of interest, 


dE Cc 
™~ ’ 

which is difficult to distinguish from 1/6*. Consequently, 
with the available data it is not possible to choose 
between the two hypotheses. 

Blinov, Krestnikov, and Lomanov’® have reported on 
a similar experiment using a chamber expanded to a 
controlled pressure, carrying out 
bubble densities of 80 times minimum. They used the 
method described here for intermediate densities and a 


measurements to 


gap-counting method at very high densities. They 
report a dependence of 1/6? for the bubble density as a 
function of velocity. 

® Blinov, Krestnikov, and Lomanov, J Exptl. Theoret. Phys 


U.S.S.R. 31, 762 (1956) [translation: Soviet Phys. JETP 4, 661 
(1957) ]. 
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Production of V Particles by 3-Bev Protons* 


RK. L. Coot, T. W. Morris, R. R. Rau, A. M. THornpike, anp W. L. WuitremMoref 


Brookhaven National Laboratory, U pton, New York 
(Received July 31, 1957) 


With a well-collimated beam of 3-Bey protons and a hydrogen-filled diffusion cloud chamber a search has 
been made for V particles from p-p collisions. The rarity of such events leads to the conclusion that the 
V-production cross section is probably less than 0.2 mb. This value is significantly smaller than the ~1 mb 
V-production cross section observed for x~-p collisions at comparable center-of-mass energies. At the same 
time a cross section of 7.441.5 mb is obtained for iron (per nucleus). A direct comparison of p-p and p-Fe 
interactions under essentially similar conditions allows us to conclude that an interaction with an iron 


nucleus is at least 4 times more effective in producing V’s than is an interaction with a free proton. 


I. INTRODUCTION 


HE reactions r +p—Y + K have been investigated 

extensively since the final state has only two 
particles and is kinematically simple to study. The 
cross section for these reactions is about 1 millibarn.! 
Examples of the production of V_ particles in free 
nucleon-nucleon collisions have been observed,’ but are 
not numerous. Experiments in which V particles are 
produced by neutron and proton beams incident on 
iron, lead, or other nuclei have not yet yielded detailed 
information on production in nucleon-nucleon collisions, 
though there is some evidence that the production cross 
section is smaller than in pion-nucleon collisions.’ 

In the present experiment, proton-proton collisions 
were observed in a hydrogen-filled diffusion cloud 
chamber. ‘The same chamber as that used for the r--p 
production work was employed. A well-collimated beam 
was passed through the chamber in order to increase 
the number of protons traversing the chamber per 
photograph. This procedure at the same time decreases 
the definition of the events and obscures a small but 
significant volume in the chamber. A 0.043-cm thick 
iron (Fe) foil was also placed in the visible portion of 
the chamber to make possible a direct comparison 
between the production in H and in a heavy element. 

Our data indicate that the cross section for producing 
strange particles is significantly smaller for p-p than 
for r -p collisions, for a comparable available energy in 
the The probability of an 


center-ol-mass system 


*Work performed under the auspices of the U. S. Atomic 
Energy Commission 

t Now at John Jay Hopkins Laboratory for Pure and Applied 
Science, General Atomic Division, General Dynamics Corporation, 
San Diego, California 

' See for example: Fowler, Shutt, Thorndike, and Whittemore, 
Phys. Rev. 91, 1287 (1953); 93, 861 (1954); 98, 121 (1955); 
W. D. Walker and W. D. Shephard, Phys. Rev. 101, 1810 (1956) ; 
Budde, Chretien, Leitner, Samios, Schwartz, and Steinberger 
Phys. Rev. 103, 1827 (1956) 

? Block, Harth, Fowler, Shutt, Thorndike, and Whittemore, 
Phys. Rev. 99, 261 (1955); Wright, Saphir, Powell, Maenchen, 
and Fowler, Phys. Rev. 100, 1802 (A) (1955). 

1 Walker, Preston, Fowler, and Kraybill, Phys. Rev. 97, 1086 
(1955); E. Mosburg, thesis, Yale University, June, 1956 (unpub 
lished); Cookson, Bowen, Tagliaferri, Werbrouck, and Moore, 
Bull. Am. Phys. Soc. Ser. II, 1, 19 (1957); Blumenfeld, Boldt, 
Bridge, Caldwell, Pal, and Leavitt, Bull. Am. Phys. Soc. Ser. I, 1, 
19 (1957) 


associated production event in Fe per inelastic collision 
is considerably larger than for a free proton-proton 
collision. Implications of this result and a comparison 
with other recently reported data*.® will be discussed, 


Il. EXPERIMENTAL PROCEDURE 


The external proton beam of the Cosmotron has a 
maximum density of about 10° protons per cm? per 
pulse. It could thus, in principle, supply an extremely 
well-defined beam of ~1000 protons per pulse which 
would produce one p-p interaction in the chamber per 
photograph. With such a well-defined beam passing 
through the central region of the chamber, events 
could be found and identified almost as well as if 
individual tracks were passing through. If, for example, 
the V event cross section were ~1 mb, one would 
expect to observe about 100 such events per day with 
a 5 second chamber repetition rate. 

At these energies direct collimation of the beam is 
impractical. The thickness of such a collimator is so 
great that scattering and production in the walls of the 
collimator will not only spread the beam spatially, but 
will introduce an undesirable contamination of lower 
energy pions and protons. In order to avoid these 
difficulties, a method was attempted which makes use 
of the “optical” properties of the external beam.*® The 
schematic arrangement of the apparatus is shown in 
Fig. 1. The protons of the circulating beam enter the 
magnet M1, which deflects them outward through the 
Cosmotron field. A system of magnetic shims partially 
corrects the strong defocusing effect of the fringing 
field of the Cosmotron which would otherwise be 
present. The Cosmotron-shim magnetic system, taken 
as a whole, is such that it produces a beam approxi- 
mately parallel in the horizontal plane at the output 
of the shim system. In the vertical plane there is a 
relatively sharp crossover located in the external shim 
system. The method we used was to place collimators at 
the entrance to magnet M1 and at the exit of the shims. 

4D. Berley and G. B. Collins, Bull. Am. Phys. Soc. Ser. II, 1, 
320 (1956) 

* Harris, Orear, Taylor, and Baumel, Bull. Am. Phys. Soc. 
Ser. II, 2, 221 (1957), and private communication. 

6 Piccioni, Clark, Cool, Friedlander, and Kassner, Rev. Sci. 


Instr. 26, 232 (1955). 
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Fic. 1, Schematic drawing of the experimental arrangement for producing the proton pencil beam at the Cosmotron 


See Sec 


By thus ‘stopping down” the Cosmotron-shim lens 
system, we hoped to reduce the aberrations. An external 
quadrupole lens was then suitably adjusted to produce 
an image at the chamber of a horizontal object at 
infinity and a vertical object at the vertical cross 
over in the shim system. No appreciable momentum 
selection takes place after the beam leaves the shim 
system other than that supplied by the quadrupole lens. 
The collimators beyond the shims do not obstruct the 
main beam, but serve only to limit the aperture avail 
able to stray particles. A 5-cm thick Pb collimator with 
(0).64-cm diameter hole was used at M1, the long mag- 
netic path serving to eliminate particles passing through 
the material by virtue of their decreased momentum. 
A brass collimator 46 cm long was used at the shims 
with an opening of 1.3 cm. It could be aligned very 
accurately with the beam. A helium-filled bag was used 
in the flight path; the beam passed through a 0.008-cm 
Dural window at the exit of the Cosmotron vacuum 
system. 

The proton beam, as seen in the diffusion chamber, 
had a small dense core containing most of the protons 
and a lower density “‘fringe.”’ The beam obscured 2.3 cm 
of the chamber, and decay points within this region 
could not be recognized. A V event is shown in Fig. 2 to 


II for details 


illustrate the appearance of the beam.’ The average 
number of protons passing through the chamber was 


approximately 800 per pulse with a 30-second repetition 


rate, or about ten times more protons per hour than 
with a normal spread-out beam on a 5-second repetition 
rate. This technique, however, suffers considerably from 
the fact that the width of the beam tends to obscure a 
volume of the chamber in which V decays are likely to 
occur. This is especially detrimental since it is difficult 
to determine accurately what fraction of the produced 
V particles decay in this obscured volume 


III. PRODUCTION CROSS SECTION 


The beam intensity was measured continuously by a 
scintillation counter telescope. The total number of 
useful beam protons was 510°. The thickness of the 
Fe target was 0.36 g cm™*; the thickness of hydrogen 
was 0.070 g cm~?. 

Proton-proton collisions would, in accordance with 
the conventional selection rules, be expected to result 
in the production of hyperons and K mesons by re 
actions (1) to (7) 


pt pon +Kt+ p, 
p+ poL+K* +p, 


? The chamber was described by Fowler, Shutt 
Whittemore, Rev. Sci. Instr. 25, 996 (1954) 


Thorndike 
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1G, 2, Photograph which shows a neutral V particle produced 
in the iron target at the front edge of the diffusion chamber. The 
dense pencil of protons is seen passing through the center of the 
chamber 


ptp 
pt p—zt+ K+ p, 

p+poKt+K-+p+p, 
p+p 
p+p 


In addition to (1), (2), (3), and (4), corresponding 
reactions with an additional meson are energetically 


‘K°+R + p+p, 


| K° tp+n 


possible, but are considered less probable since 3 Bev 
is barely above threshold for them. Similarly (5), (6), 
and (7) have thresholds close to 3 Bev. It is therefore 
likely that (1), (2), (3), and (4) have the largest yield. 
The lifetime of the K* is so long that there is no appreci 
able chance of observing its decay in our chamber. 
Therefore reactions (1) and (2) would be recognized by 
observing the decay of a A°, reaction (3) by observing 
a ~*, and reaction (4) by observing 2+, K°, or both 
simultaneously. 

In the iron target, hyperons and K mesons can also 
arise from p-n collisions and from w-nucleon collisions 
of secondary pions produced in the same nucleus. As in 
the case of p-p collisions, there is little chance of 
observing a K*, but K®, A°, 2+, and =~ should some 
times be observed to decay in our chamber. 


A. Comparison of Production in Iron and Hydrogen 


23 V°, 5 V*, and 1 V~ particles were identified which 
originate in the Fe foil. Compared to the total of 29 


events observed in Fe, only one case, a V* particle, 


THORNDIKE, 


AND WHITTEMORE 

was identified which could have originated from a free 
p-p collision. This single case is, moreover, somewhat 
doubtful in that the V*-particle trajectory intersects 
the beam at its bottom limit. Thus, it might well belong 
to a group of 18 observed background events which 
clearly originate from collisions in the alcohol or solid 
material of the chamber. 

All photographs were scanned twice and the scanning 
efficiency is estimated to be ~ 90%. The efficiency for 
detecting events from p-p collisions is probably slightly 
less than from the Fe target for three reasons. First, 
the target is near the front of the chamber, so the 
particles have a somewhat longer average path in 
which to decay. Second, the Fermi momentum of the 
nucleons in iron may tend to increase the average angle 
of emission. Third, V particles may undergo scattering 
in the nucleus. These effects are estimated to be fairly 
small, 

Using our data and the known p-p and p-Fe inelastic 
cross sections, we may compare the efficiency with which 
an associated production event is produced per inter- 
action in H and Fe. We take 680 mb for the inelastic 
cross section in Fe and 40 mb in H. For our target thick- 
nesses, we then expect 1.55 times as many inelastic 
events in Fe as in H. We have observed 20 hyperon 
events in Fe for which the average detection efficiency 
is 0.15 (see the following section) and one event in 
hydrogen for which the average detection efficiency is 
0.11. The probability of an associated production event 
in Fe per interaction is greater than that in hydrogen 
by a factor of (20/1.55)(0.11/0.15)=10. It is to be 
noted that this ratio is insensitive to the assumptions 
made in deriving the efficiency factors. A statistical 
fluctuation could reduce this ratio; for example, there is 
~10% probability that the ratio is as small as 4. 

There are at least two possibilities for understanding 
this large ratio. (a) The cross section for direct V 
production by p-m interactions may be much larger 
than for p-p interactions. (b) In p-nucleus interactions 
mw mesons can be created directly in p-nucleon inter- 
actions with sufficient energy to produce V particles in 
the same nucleus. Conceivably both (a) and (b) could 
contribute appreciably to the p-nucleus V-production 
cross section. 

Alternative (b) has been discussed theoretically by 
several authors.* These discussions depend upon several! 
interaction cross sections, some of which are poorly 
determined experimentally ; hence the conclusions which 
indicate that (b) contributes appreciably to the produc- 
tion of V particles in p-nucleus interactions must be 
considered as tentative until further information is 
available. 

We investigate (a) and assume the following: (1) if an 


* See, for example, Fowler, Taft, and Mosburg, Phys. Rev. 106, 
829 (1957); G. T. Reynolds and S. B. Treiman, Bull. Am. Phys 
Soc. Ser. II, 2, 221 (1957), and private communication; R 
Jastrow, Phys. Rev. 97, 181 (1955); E. Mosburg, reference 3; 
M. M. Block and R. Jastrow, Phys. Rev. 99, 619 (1955) (A). 
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interaction occurs in the iron nucleus, it occurs with a 
single nucleon and the cross section for V production is 
the same with the bound nucleon as with a free nucleon; 
(2) the total cross sections for p-p [or(p,p)] and 
p-n (or(p,n) | interactions are both 40 mb; (3) for each 
interaction with an iron nucleus, the relative probability 
for the incoming proton to strike a proton or a neutron 
is proportional to the number of protons or neutrons in 
the nucleus. Let oy(p,p) and oy(p,n) be the V-produc- 
tion cross sections in p-p and p-n interactions, respec- 
tively. Then the fraction f4 of V’s produced per 
interaction in a nucleus having Z protons and A—Z 
neutrons is 


av(p,p) (Z ayv(pyn) fA-Z 
t fa. (1) 
or(p,p)\A ar(p,n) A 
Inserting appropriate values in Eq. (1) for iron and 
again for hydrogen, one obtains 


ov (pn)/aov (Pp, p) = Jve/ Ju 10. (2) 


We see that this analysis leads to a very much larger 
V production by p-n than by p-p interactions. ‘The 
effect on the ratio in Eq. (2) of a large error in the 
number of p-p V events can be seen by arbitrarily 
taking 4 times as many V events from p-p interactions. 
This leads to a value of about 4, still a surprisingly 
large ratio, 


B. Absolute Cross-Section Determinations 
1. Detailed Efficiency 


The main problem in finding the absolute cross 
section is that of determining the probability of ob 
serving a hyperon or K meson when one is produced, 
that is, our efficiency for observing them. 

There are three general ways that a V particle may 
escape detection: (a) It may be overlooked due to 
carelessness in scanning, though actually visible. We 
estimate that 90% are found. (b) It may decay through 
a long-lived mode, such as the @,°, or may produce only 
neutral particles, such as A°-+n-+-9° or 6,"->9'+7°. We 
have made use of the most recent results from the 
Columbia hydrocarbon bubble chamber to correct for 
these unseen events.’ (c) It may decay in such a position 
that the vertex is obscured by the beam or may not 
decay until outside the sensitive region of the chamber. 
This type of inefficiency can be estimated roughly from 
the geometry of the chamber, provided assumptions are 
made concerning the momentum spectra and angular 
distributions of the 6°, A°, }*+, and >>. We have assumed 
that the momentum spectra are statistical and that the 
angular distributions are isotropic in the center-of-mass 
system. We note here that (c) is the main reason for 
our low efficiency in detecting V particles. 


* Plano, Samios, Schwartz, and Steinberger (to be published 
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2. Absolute Cross Section in Hydrogen 


Under the above assumptions the detection efficiencies 
for V particles produced in hydrogen by our proton 
beam are 0.11 for A®, 0.09 for 6°, and 0.12 for S* 
Since we do not know the actual frequencies of rea 
tions (1), (2), (3), and (4), we simply average the three 
efficiencies to obtain 0.11 as the geometrical efficiency 
from the beam. Accepting the one doubtful event from 
the beam, we obtain a total cross section of 0.04 
millibarn. This low value may obviously result from a 
statistical fluctuation, but it would require an unlikely 
statistical fluctuation if the cross section is larger than 
Q.2 millibarn.’® This conclusion, however, is based on an 
efficiency which assumes an isotropic angular distribu 
tion in the system. If the angular 
distribution is peaked forward and backward, our 
efficiency could be still further reduced, since more 
events would be obscured by the beam, and one should 


center-of-mass 


then make a higher estimate for the total cross section. 

It should be possible to detect the presence ol some 
of the neutral V events that are obscured by the beam 
in the following way. One observes a positive and 
negative track emerging from the beam with positions 
such that they could have come from a common vertex 
One checks the angles and momenta to see whether 
they are kinematically consistent with a A® or 6° 
produced in the beam, and computes the apparent 
QO value. There will be a large background of associated 
tracks from the beam due to reactions like p+p-> 
ptptat+r 
should have a wide distribution of Q values. If genuine 
A°’s or 0°’s are present, peaks should occur superimposed 
on this background. There are 5 events that are 
kinematically consistent with A° and another 5 con 
sistent with 6°, These are among 23 events in each 


with only two prongs visible. These 


category which are more or less uniformly distributed 
over a wide range of Q values. The number of cases is 
too small for a peak to be distinguished from a statistical 
fluctuation. It is certainly unlikely that all of them are 
genuine V events and quite possible that none may be 
The upper limit for the cross section based on these 10 
events is 0.4 millibarn. We consider it highly unlikely 
that all the events counted are really V° events and 
stress the fact that this is a poorly determined upper 
limit for the V° production cross section 


3. Absolute Cross Section in Iron 


‘The cross section for iron can also be determined from 
these data. As noted earlier, the efficiency for detecting 
V events from the target is somewhat higher than that 
for V’s from the beam. Calculated efficiencies are 0.15 
for A°, 0.11 for 6°, 0.18 for 2*, and 0.25 for Y~ produced 


” Using Table VIII.1 of R. A. Fisher and F. Yates, Statistical 
Tables (Hafner Publishing Company, New York, 1948), third 
edition, one finds that if the cross section is really 0.17 millibarn 
the probability of observing 1 or 0 events would be 0.1; if 0.32 
millibarn, the probability would be 0.005 
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TasLe I, V-particles from target 


Total after 
correction for 
No. identified efficiency 


I 14 104 
9 91 
5 31 
l 4 


No. with 
unidentified 


Particle cases added 


from the target. The number of events seen is given in 
Table I. An event is considered “identified” if the 
measurements are more consistent with one identifica- 
tion than another.!! The five V°’s that could be either 
A® or 6° are assumed to be divided between A® and @° in 
the same proportion as the identified events. The two 
V* that could be either K* or 2+ are assumed to be &*, 
since most K* would not decay in the chamber. The 
final column is corrected for geometry and 90% scanning 
efficiency. 

Since hyperons are assumed to be produced in 
with K the total cross section 
should be based on the number of hyperons in ‘Table I, 
not counting the 6°’s. The corrected total number is 139 
and the cross section derived is 7.4+1.1 millibarns per 


association mesons, 


iron nucleus. 
IV. DISCUSSION 


Karly preliminary experiments? on nucleon-nucleon 
production of strange particles hinted that this cross 
section might be considerably lower than the corre 
sponding ~-p cross section, which is approximately 
constant at 1 mb up to m-meson kinetic energies of 
1.5 Bev. Our value of (0.04_0,o4*°!) mb is additional 
evidence for such a low cross section. Serber!? has shown 
that for 3-Bev p-p interactions and 1.5-Bev m--p inter 
actions, for which the available energy in the center-of 
mass system is comparable, the fraction of phase space 
available for strange particle production is essentially 
the same in both cases; thus differences in available 
phase space can be ruled out as an explanation for the 
substantial difference in cross sections. Fowler, Kraybill, 
and Lea," using the same equipment and beam geometry 
as described here, but with 1.95-Bev protons, have 
found a cross section of about 0.06 mb, again based on a 
single production event. Harris, Orear, Taylor, and 

" Among the 11 “identified”? A®° events is one V° with positive 
track of 560 Mev/c, density estimate 2-3 times minimum, which 
has a measured Q(p,r) of 53.4** Mev. This may actually be some 
anomalous type of V° 

RR. Serber, Proceedings of the Seventh Annual Rochester Con 
ference on High Energy Physics (Interscience Publishers, Inc., 
New York, 1957) 

48 Fowler, Kraybill, and Lea, Bull. Am 
222 (1957), and private communication 


Phys. Soc. Ser. II, 2, 
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AND WHITTEMORE 

Baumel,® using an emulsion technique, have observed 
K* mesons, with momentum 275 Mev/c at 0° in the lab 
system, produced by protons on a liquid hydrogen 
target. Using the differential cross section measured 
under these conditions, they have integrated over a 
statistical momentum distribution and an_ isotropic 
angular distribution and have calculated a total cross 
section of 0.2-0.3 mb. This value is somewhat larger 
than that from our experiment.’* However, in both 
experiments the assumptions used to estimate absolute 
values are severe and may not be completely correct. 
For example, the angular distribution of the strange 
particles produced has been assumed isotropic. If in fact 
a forward and backward peaked distribution is correct, 
the value of the cross section found in our experiment 
would tend to be larger while that found by Harris 
et al.® would tend to be smaller. 

For the absolute total cross section for the production 
of strange particles in iron, we obtain 7.4+1.5 milli- 
barns per nucleus. This value is based on 29 events. 
We emphasize here once again that the calculation of 
the efficiency factor is very important in this determina- 
tion and is subject to the same criticism as for the 
hydrogen determination. Cookson et al.’ and Blumenfeld 
et al.,* using Wilson cloud chambers with iron plates, 
have reported preliminary results on the production of 
strange particles by protons on iron which seem roughly 
in agreement with our result. Harris et al.’ have ob- 
served K*+ mesons from p-copper interactions using 
nuclear emulsions and obtain a cross section which may 
be a factor of two larger than our value. 

The direct comparison of our hydrogen and iron 
results is much less sensitive to efficiency corrections. 
We find that the probability of an associated production 
event per interaction is apparently significantly larger 
for a p-iron interaction than for a p-p interaction. 
A similar result has been obtained by Berley and 
Collins using counter techniques. On the other hand, 
Harris ef al. find that the probabilities for producing a 
K* are essentially equal for Cu and Fe. From our result, 
we conclude that either the p-n cross section is sig- 
nificantly larger than the p-p cross section or that 
mesons produced in p-iron interactions produce in the 
same nucleus a significant number of V particles. 

In conclusion we would like to acknowledge valuable 
assistance in this experiment from A. Abashian, H. 
Courant, J. W. Cronin, R. M. Lea, O. Piccioni, R. P. 
Shutt, and W. J. Willis. 


“4S. J. Lindenbaum and L. C. L. Yuan, Phys. Rev. 105, 1931 
(1957), have performed a counter experiment to detect K+ mesons 
produced in p-p and p-copper interactions. These authors do not 
quote cross sections, but give K*/* ratios. This ratio is 2.5 times 
greater in copper than in hydrogen. 
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Gold targets have been irradiated with 3.0-Bev protons and the yields of cesium, barium, and rubidium 
nuclides investigated by mass spectrometry. A high-sensitivity surface-ionization technique, using a multiple 
filament source arrangement and capable of determining (within 5%) 10° alkali metal atoms, was developed 
The separation of products from the gold target was accomplished by extracting the gold into diethyl! ether 
The contamination level of stable Cs in the gold foil and reagents was determined by isotope dilution 
methods to be ~9X 10° atoms. Ratios of production cross sections for neutron-deficient cesium isotopes and 
their barium parents were calculated from mass spectra. Cross sections were placed on an absolute scale by 
a radiochemical determination of the Cs!*7 cross section. No cesium isotopes with A >128 are formed in 
appreciable independent yield. An upper limit of 0.002 mb was placed on cross sections for Cs and the 
neutron-excess cesium isotopes. No stable cesium resulting from nuclear reactions was detected above 
the natural contamination background. Ratios of production cross sections for rubidium radioisotopes 
were determined, The natural contamination of rubidium was too large to place a meaningful limit on 


stable rubidium production. 


ADIOCHEMICAL studies of products resulting 

from the bombardment of heavy elements with 
340-Mev to 3-Bev protons have been reported in recent 
years.’* In obtaining a mass-yield curve for these 
high-energy nuclear reactions, it has been necessary to 
interpolate the yields of isotopes which cannot be 
measured radiochemically. Among these are the stable 
nuclides, the very long-lived nuclides, and those radio- 
nuclides whose decay schemes are not firmly established. 
It therefore seemed worthwhile to develop mass-spec- 
trometric techniques to supplement the radiochemical 
measurements. In this paper the mass-spectrometric 
determination of nuclides produced in the interaction 
of heavy nuclei with 3-Bev protons accelerated in the 
Brookhaven Cosmotron is reported. 

Two aspects of this problem may be considered inde- 
pendently. The first involves the development of instru- 
ment sensitivity permitting the detection and measure- 
ment of nuclides at a level of 10° atoms per mass, the 
level expected in Cosmotron irradiations. The second 
part was to devise chemical techniques of separation 
which permit isolation of the desired reaction products 
from the bulk of the target material with minimum 


contamination by naturally occurring nuclides. The 

* Research performed under the auspices of the U. S. Atomic 
Energy Commission 

1W. F. Biller, University of California Radiation Laboratory 
Report UCRL-2067 (unpublished). 

2? Vinogradov, Alimarin, Baranov, Lavrukhina, Baranova, 
Pavlotskaya, Bragina, and Yakovlev, Proceedings of the Con 
ference of the Academy of Sciences of the U.S.S.R. on the Peaceful 
Uses of Atomic Energy, Moscow, July 1-5, 1955; Session of 
Division of Chemical Sciences (Akadmiia Nauk, $.S.S.R., Moscow, 
1955), p. 97 and p. 132. [English translation by Consultants 
Bureau, New York, U. S. Atomic Energy Commission Report 
TR-2435, 1956, Part 2, pp. 65 and 85. ] 

8’ Murin, Preobrazhensky, Yutlandov, and Yakimov, Proceed 
ings of the Conference of the Academy of Sciences of the U.S.R.R. on 
the Peaceful Uses of Atomic Energy, Moscow, July, 1955 (Aka 
demiia Nauk, Moscow, 1955), p. 160. [English translation by 
Consultant Bureau, New York, U.S. Atomic Energy Commission 
Report TR-2435, 1956, Part 2, p.101.] 

‘ Wolfgang, Baker, Caretto, Cumming, Friedlander, and Hudis, 
Phys. Rev. 103, 394 (1956) 


decision to investigate the yields of cesium isotopes 
by surface ionization was based on the low-ionization 
potential of cesium, the low abundance in nature, and 
the volatility of cesium salts. Gold was used as the 
because it that the 
in other 


material was assumed 


contamination 


target 


cesium would be less than 


convenient target materials. 
EXPERIMENTAL 


A 6-inch 60° sector General Electric mass spectrom 
eter was adapted for these surface ionization studies 
A Dumont SP 102 electron multiplier, modified by re 
placement of the ninth and tenth dynodes with a 
shielded collector mounted on an independent lead, 
was used as the ion detector. The output of the multi 
plier was amplified by a vibrating reed electrometer 
using a 3X10’-ohm input resistor. Data were recorded 
on a ten-millivolt Brown recorder. The dynode voltage 
used was 450 volts per stage. The noise level on the 
recorder with this arrangement of equipment was less 
than 0.1 millivolt. The estimated sensitivity at the 
collector for Cs* 3x 10°14 
ampere for one scale dividion of peak intensity. 

The by 
electron impact ionization chamber of the original 


ions was approximately 


ion source was obtained replacing the 
spectrometer ion source with a filament which can 
easily be positioned in a plane identical to the plane of 
origin of gaseous ions formed by electron impact in the 
original source. No attempt was made to, obtain a 
precise location of the after experiments 
showed that reasonably constant sensitivity could be 
attained by compensating for slight deviations from 
the optimum by varying drawout and focus voltages 
in the ion source. The filament assembly was mounted 
in a ball joint which was fitted with hollow Covar 
sleeves into which the filament leads were waxed. This 
permitted simple and rapid positioning of the filament. 

Efficiency of ionization from the platinum filament 


was found to vary widely with the chemical history of 


filament 
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hiG..1. Multiple-filament surface ionization source 

the sample. Source efficiency was assumed to be the 
sole Variable in the over-all efficiency of the process as 
long as the multiplier showed no signs of a high noise 
level, Multiplier gain was checked in the earlier stages 
of this work and found to be relatively constant for 
long time periods. Source efficiency was measured in 
units of second-divisions of integrated peak intensity 
over the running period. It was found that a flux of 
( NH4)2SO4 which was carefully evaporated in a preheat 
period gave the optimum sensitivity with approximately 
1000 second-divisions for a sample of 110° atoms of 
Cs, This corresponds to a very low ionization efficiency 
if reasonable estimates of the lower limits of ion colle 
tion efficiency (i.e., ~ 1%) are made. 

Efficient surface ionization requires intimate contact 
of atoms of low-ionization potential with a surface of 
high work function. The geometric surface area of 
filaments used in this work could be covered with a 
monolayer containing roughly 10" atoms. Thus a small 
fraction of a microgram of a nonvolatile impurity in 
the solution finally evaporated on the filament could 
easily insulate the cesium salt from the filament and 
thus lower the work function of the surface. The level 
of alkali contamination estimated from the isotope 
dilution determinations of and the relative 
abundances of alkalis in nature indicated that the alkali 
metal contamination was sufficient to destroy effective 
sensitivity in all preparations tested. Thus, the highest 
sensitivity could not be achieved with single-filament 


cesium 


surface ionization techniques. 

A multiple-filament assembly based on_ principles 
described by Inghram and Chupka® was designed and is 
shown in Fig. 1. In view of the relative dimensions of 
the source filament and the ionizing filament, it was 
possible to contact better than 70% of the total evapo- 
rated materials with the hot walls of the ionizing fila- 
ment. Optimum sensitivity of the order of 50000 
second-divisions was obtained with samples of 1 10* 
atoms of Cs'*! with this filament assembly. Further- 
more, much of the variability of sensitivity disappeared. 
There was still the necessity of a careful preheat period 
to preserve the best sensitivity. 

Samples were run by using a Varian Associates 
nuclear fluxmeter to determine the magnetic field and 
a Leeds & Northrup type K potentiometer to measure 
the ion accelerating voltage. The filaments were heated 
with current regulated by a Sorenson Model 1001 


*M. G. Inghram and W. A. Chupka, Rev. Sci. Instr. 24, 518 
(1953) 
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regulator and which was fed through variacs and step- 
down isolation transformers. Spectra were taken by 
scanning magnetically. Masses were identified by 
measurement of the ion accelerating voltage required 
to focus ions at a constant magnetic field. Independent 
mass identification was obtained from the observed 
decay of some of the shorter lived cesium isotopes. For 
example, in run 2 (Table I), the decay in the ratio 
Cs'”/Cs™ corresponds to a half-life for Cs of roughly 
29 hours, which agrees with the literature value of 
31 hours.® 

In the determination of mass spectrometer sensitivi- 
ties at a level of 10° atoms, it is imperative that a radio- 
active isotope or enriched stable isotope be used as the 
calibrating nuclide. Stable isotopes in their natural 
abundance are unsuitable for determining sensitivities 
at this level because natural contamination will 
usually contribute and yield a sensitivity which is 
erroneously high. For example, triply-distilled water, 
the last distillation being done in quartz, contained 
approximately 210° atoms of cesium per ml, as 
determination by an isotope dilution analysis. There- 
fore, in successive dilutions of a Cs,SO,4 solution with 
“pure” water, a point is reached where the diluting 
water contributes almost as much cesium as the solution 
being diluted. A radioactive isotope has the further 
advantage of decaying with a given half-life. By ob- 
serving this decay in the mass spectrometer, one can 
monitor the contribution of other elements to the peak 
heights at the mass of the radioactive isotope. Also, 
with a 9.7-day activity such as Cs'', one can easily 
aliquot samples containing as few as 610° atoms. 

Carrier-free Cs"! was prepared by irradiating a 
0.5-gram BaCO,; sample in the Brookhaven reactor for 
4 days. The sample was milked for cesium immediately 
after irradiation and this first milking discarded. 
Cesium-131 was then allowed to grow in from 11.6-day 
Ba™ and the sample was again milked for cesium after 
a few days of growth. ‘The cesium fraction was a pure 
30-kev x-ray emitter as determined through scintillation 
spectrometer studies and, over a decay factor of thirty, 
the half-life was observed as 9.7 days, in good agreement 
with the literature value for Cs"!.® A sample of Cs"! was 
assayed by counting the K x-rays on a scintillation 
spectrometer using an accurately machined 3X 3-in. 
Nal crystal in a 1.47% geometry. The absolute disinte- 
gration rate was computed from the count rate, after 
corrections for fluorescence yield,’ K/L capture ratio,* 
and aluminum absorption were applied. This calibrated 
Cs! sample served as a standard for all Cs'*' samples 
counted subsequently. The uncertainty in the assay 
was estimated as +5%. 

In order to determine the yield of stable Cs™ in the 
nuclear reaction, it was necessary to analyze the gold 


* Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 469 
(1953). 

7E. H. S. Burhop, J. phys. radium 16, 625 (1955). 

*M. E. Rose and J. L. Jackson, Phys. Rev. 76, 1540 (1949). 
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target and reagents for naturally occurring cesium 
contamination to determine the background level. An 
isotopic dilution technique, utilizing 9.7-day Cs"! as the 
isotopic diluent, was used for this analysis. The isotope 
dilution technique involved adding an aliquot of tracer 
solution with a known Cs!/Cs!*! ratio (~1) and a 
known number of Cs"! atoms to a blank run with an 
unirradiated gold foil. The foil was then treated as in a 
“hot” run and the resultant Cs/Cs! ratio was 
measured. The difference between this ratio and the 
tracer ratio is a measure of the Cs' atoms in the gold 
foil and reagents. 

The separation technique originally attempted in- 
volved the ion-exchange column method employed by 
Hyde.’ This “carrier-free” separation utilized a rela- 
tively large volume of solution for column washings and 
also used silicotungstic acid, a nondistillable reagent 
Blank runs using the column separation showed a 
contamination of the order of 10" atoms. Thus, it was 
imperative that an extraction method or some physical 
method which kept reagents and handling to a minimum 
be employed. In this case, an extraction method was 
used. The gold target was dissolved in 0.5 ml of aqua 
regia. The solution was evaporated and subsequently 
made up to 0.5 ml 6N HCl. The gold in this solution 
was extracted with two 0.5-ml portions of diethyl! ether. 
All reagent solutions were redistilled in quartz. Tracer 
experiments showed that cesium and barium remained 
in the aqueous phase under these extraction conditions, 
Blank runs on the extraction procedure using unirra- 
diated gold foils showed a cesium contamination of 
8.7 10° atoms. 

Irradiations were carried out in the circulating beam 
of the Brookhaven Cosmotron using the “shutter” 
target arrangement which has been described pre- 
viously.4 The gold target was 0.5-mil foil, 0.50 in. dong 
and 0.25 in. high. No monitor was used in irradiations 
analysis because the added 
traversals 


for mass spectrometric 
thickness would reduce the 
through the target that each proton makes. The ex 
tracted aqueous solution was evaporated to dryness 
and then taken up in a drop of water and evaporated 
with an ammonium sulfate flux of 100 wg on a 0.5-mil 
platinum filament, 1 cm long and 20 mils wide. The 
filament was then placed in the spectrometer to form 
the multiple filament arrangement as pictured in Fig. 1. 

A radiochemical determination of the Cs’ produc- 
tion cross section was carried out in order to put all 


number of 


cross section ratios taken from mass spectrometric data 
on an absolute basis. The target foil and aluminum foil 
monitor were irradiated in the Cosmotron in a manner 
described previously. The Na* produced in the alumi 
num by the Al?’(p,3pn)Na™ reaction was determined 
by 6 counting in a standard geometry and was used as 
a measure of the beam intensity. The cesium in the gold 
foil was separated with carrier present according to the 


FE. K. Hyde, J. Am. Chem. Soc. 74, 4181 (1952). 
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TABLE I. Mass spectra of cesium isotopes produced 
in Cosmotron irradiations." 


Cosmo 
tron ‘ 
Run 
No (br) (hr) 45-min 6.3-hr 


Cgits Cg? C gin Cn 


6.2-day stable 


2.75> <20 ~100 


8.50¢ 


* The peak heights in an individual mass spectrum are normalized to 
Cg! = 100 for that spectrum, The precision of peak height ratios in runs 1 
and 3 is 15%. The precision in run 2 is 5%. No correction is made for iso 
topic fractionation in the evaporation process 

> Cs was completely burned off the filament at 2.75 hours. No Ba was 
byrned off. Run at 2.75 hours showed poor sensitivity 

¢ Only a fraction of Cs was burned off at ¢=49 hours 
reheated at t=72 hours and the decay of Cs'!®/Cs!® over thi 
period was observed 


The filament was 
2s hour 


procedure outlined by the Los Alamos group."” The 
sample was counted with a thin Nal crystal using a 
single channel analyzer set to count only the 30-kev 
x-rays. The resolved decay curve gave a_ 6.30-hr 
activity over 4 half-lives and this value is to be com 
pared with the reported" half-life of 6.3 hr for Cs!”? 


RESULTS 


The mass spectra for three Cosmotron irradiations 
of gold with 3.0-Bev protons are given in ‘Table I. The 
mass spectra were used to obtain ratios of cross sections 
for the production of cesium isotopes. The radiochemical 
determination of the Cs!*? production cross section then 
allowed all cross sections to be put on an absolute scale, 

Since peak ratios in a mass spectrum are equal to 
the ratios of cesium atoms in a sample for corresponding 
mass numbers, neglecting the effect of isotopic fractiona 
tion in the evaporation process, we can calculate the 
number of cesium atoms of each mass number present 
in a sample at any given time. For a given isobaric pair 
of neutron-deficient cesium and barium isotopes, the 
rates of production during a bombardment are 


dNos/dr 
dN Ba dr 


InocatApaN Ba ry Vea, 


(1) 


[no pa—ApaN Ba 


where / is the proton beam intensity, » is the number 
of atoms per cm’ in the target, op, and oc, are the 
production cross sections, Ap, and Ac, are the dec ay 
constants, and Vy, and Ne, are the numbers of atoms 
present. By simultaneous differentia] 
equations and correcting for decay of cesium after 
bombardment and for decay of the barium present at 
the end of bombardment, we obtain the number of 


solving these 


cesium atoms at any time / after a bombardment of 
length r. 
J. Kleinberg et al., Atomic Energy Commission Report LA 


1566, February 1, 1953 (unpublished 
" H. B. Mathur and E. K. Hyde, Phys. Rev. 95, 708 (1954 
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‘The ratio oy,!”/on,.'" was computed from the data of 
run 1. The half-life of Ba’ was taken as 2.4 hours.” Since 
all the cesium was burned off the filament at /= 2.75 hours, 
all cesium seen in the spectrum at /= 8.50 hours must have 
grown in from barium during the time between the two 
spectrometer runs. It can also be seen from the Cs'”/Cs"™ 
ratio in run 3 and the subsequent decrease of that ratio 
with time in run 2 that oc,'<op,". Since op,!™ is 
known relative to op,""', oc,! can be determined rela- 
tive to op,'™” by equating the ratio of Eq. (2) for the 
respective mass numbers, 129 and 131, with the experi- 
mentally determined ratio from run 2 at 1=49 hours. 
The result is oc,'/oy,.!”=0.03. The principal error 
in this calculation is probably the error in the Cs'”/Cs™ 
ratio used in run 1 to determine the oy,'”/op,' ratio. 
Making the assumption that all Cs! grows in from 
Ba™ and its precursors, the op,'?’/o,'” ratio can be 
determined by equating the Cs!*”7/Cs'™ ratio determined 
in run 3 with the ratio of Eq. (2) for mass numbers 
127 and 129. This calculation assumes that all Cs!’ 
formed grows in from the 12-min Ba"’. Because of the 
short-life of Ba’, the 127-chain cross section is in 
creased by only 4% if one makes the alternate assump 
tion that all the Cs!’ is formed directly. Thus, the 
relative production cross sections for mass numbers 127, 
129, and 131 are determined. The radiochemical experi- 
ment yielded the absolute production cross section for 
mass ‘127 as oc,!?7=4.3 mb. This cross section was 
calculated by using an aluminum monitor cross section 
of 8.1 mb. Current experiments indicate the monitor 
cross section at 3.0-Bev bombarding energy to be 30% 
larger.“ Revision of the and barium cross 
sections in this research awaits the completion of those 


cesium 


experiments. 

An attempt was made to determine the cross section 
for the stable Cs™. Blank runs on unirradiated gold 
foils were run to determine the level of cesium con- 
tamination in the foil and reagents. Four blank runs 
were made by the isotope dilution method described 
above with the result that the cesium background was 
(8.7+0.3) X10 atoms. By varying the size of the 
foil, but keeping the volume of reagents constant, it 
was found that a gold foil of target size contained 
4.710° atoms of cesium and the reagents 4.010" 
atoms of cesium. If the number of Cs!” atoms produced 
can be calculated, the ratios Cs'/Cs™ in runs 2 and 
3 can be used to calculate the number of Cs™ atoms 
and this value compared with that of the blanks. 


"W. Henkes (private communication ) 
'’ Friedlander, Hudis, and Wolfgang, Phys. Rev. 99, 263 (1955) 
J. B. Cumming and G. Friedlander (private communication). 
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Since no monitor foil was used, an estimate of the beam 
intensity was made by multiplying the circulating beam 
intensity (as measured by an electromagnetic monitor) 
by 120 to take into account the estimated number of 
traversals of each proton through the target foil. This 
estimate of the number of traversals is made from a 
run in which the beam intensity as determined by an 
aluminum monitor was compared with the circulating 
beam monitor of the Cosmotron. The data of run 2 
give a value of 6.0 10% atoms of Cs' whereas the data 
of run 3 give a value of 8.110* atoms. That these 
values are lower than the blanks is attributed to the 
uncertainty in beam intensity and possible uneven 
distribution of cesium in the gold. It is reasonable to 
believe that the number of traversals could not be 
much greater than the assumed value of 120. Therefore, 
the Cs™ in an irradiated foil must be close to that found 
in the blank runs. Since Cs is shielded from the 
neutron-deficient side by long-lived Ba’ and no 
neutron-excess isotopes are observed, any Cs formed 
would be formed in independent yield. Our conclusion 
that no Cs is formed directly is consistent with the 
fact that no other cesium isotopes from Cs!” up in mass 
number are formed directly. 

Run 1 was an attempt to measure the 45-min Cs!”°. 
‘The filament was heated 2.75 hours after the end of the 
bombardment; this represented the minimum time re- 
quired for chemistry, mounting, and mass spectrometer 
pump-out. The noise level was higher than usual because 
of insufficient pump-out and the curtailment of the pre- 
heat period required for the volatilization of the flux 
and the outgassing of the filament. However, an upper 
limit was set for the Cs'°/Cs! ratio. Upper limits were 
also placed on the cross sections for Cs™ and the 
neutron-excess cesium isotopes. These limits were taken 
from run 2 since the target was allowed to sit for 49 
hours, a period sufficient to allow 90% of the chain yield 
of mass 135 to grow into Cs”°. 

Several scans of the rubidium mass spectrum were 
made in runs 1 and 2. Ratios of the production cross 
sections for Rb*®, Rb*, and Rb*® were observed. Rb*™ 
and Rb* are shielded isotopes and therefore must have 
been formed directly in the nuclear reaction. Rb®, on 
the other hand, was observed to.'grow in from Sr® in 
a run where all active rubidium_nuclides were burned 
off and the spectrum run again two days later. This 
spectrum showed a Rb® peak, but no Rb®™ or Rb** 
peak. The relative cross sections for direct and cumula- 
tive chain production cannot be calculated from the 
data at hand. Estimates of absolute cross sections for 
the rubidium nuclides can be made if one assumes the 
ratio of natural rubidium contamination to natural 
cesium contamination in the foil and reagents to be the 
same as the Rb/Cs ratio found in igneous rocks. This 
ratio is ~55.'® This assumption is based on the fact 


'°V. M. Goldschmidt, Geochemistry (Oxford University Press, 
London, 1954), pp. 163, 170. 
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that no alkali metal reagents were used in the separation 
procedure. The (Rb**+ Rb*’)/Cs™ ratio of peak heights 
at the time of measurement was 22.7. The experimental 
ratio is not equal to the natural-abundance ratio 
because the rates of evaporation of the alkali salts 
from the filament will differ and therefore, the Rb/Cs 
ratio will be a function of the fraction of the sample 
burned off. Since the fraction burned off is unknown, 
the above assumption cannot be verified. If the peaks 
in the rubidium scan are normalized to a Rb/Cs ratio 
of 55, the Rb®, Rb“, and Rb** peak heights can be 
compared with the Cs’ peak height of the cesium scan. 
Since the cumulative yield for Cs is known, the 
rubidium yields can be calculated and those yields are 
shown in Table II. The ratios of rubidium cross sections 
to each other do not rely on the validity of the above 
assumption. 


CONCLUSION 


As shown in Table II, the yields for cesium radio- 
isotopes near stability and on the neutron-excess side 
are very small. Although the experimental upper limit 
for Cs production is not as low as the limits set for 
the radioisotopes, one hardly expects any specificity for 
Cs. The experimental data in the rubidium region are 
less conclusive since the natural contamination is such 
that it would mask out even abnormally large yields of 
stable Rb** and Rb*’. However, the yields of Rb** and 
Rb®™ are smaller than the cumulative yield of Rb® and 
the yields given in Table IT indicate a continuous rise 
in cross section to the neutron-deficient side. This 
research points to the conclusion that given sufficient 
data, one can interpolate yields of products which 
are themselves not easily determined. 

It is seen that the cesium nuclides produced in 
independent yield must have a neutron to proton ratio, 
N/Z, <1.34, the ratio for Cs, All cesiums with 
V/Z>1.34 are definitely not formed in independent 


yield. The independent yields for the shielded nuclides 


W 
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TABLE II. Production cross sections for nuclides from 
the interaction of 3-Bev protons with gold 


Nuclide Type of yield*® Cross section (mb) 


‘gls2 

‘git, 136 
(19145, 197 
Ba 
Bal! 
Rb* 
Rb™ 
Rb* 


*C denotes cumulative yield of mass chain decaying to given nuclide; 
I denotes independent yield of a given nuclide 

»b This value was determined radiochemically and served as the basis for 
converting cross-section ratios to absolute cross sections 

¢ Burn-off experiment indicated a chain-yield contribution 
limit is based on the total yield being an independent yield 


his lower 


in the rubidium spectrum indicate that the primary 
products in this region are of V/Z<1.32. It is likely 
that all primary products in the region between 
rubidium and cesium have N/Z< 1.34. These results 
are with the mechanism postulated by 
Goeckermann Perlman.'® That 
volves neutron evaporation from highly excited nuclei 
followed by fission with an unchanged charge distribu 
tion. However, the other extreme mechanism of fission 
followed by neutron evaporation from highly excited 


consistent 


and mechanism in 


fission fragments cannot be ruled out. 
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Production of Electron Pairs by 550-Mev Electrons*} 


F. J. Loerriert 
Cornell University, Ithaca, New York 


(Received July 26, 1957) 


Che mean free path of high-energy electrons for direct electron pair production has been measured in 
Ilford G-5 nuclear emulsions. Electrons were produced by directing the 850-Mev bremsstrahlung beam from 
the Cornell synchrotron upon a Pb target and analyzing the negative members of the resultant electron pairs 
in 4 magnetic momentum analyzer. Electrons in the range 400 to 800 Mev were intercepted by glass-mounted 
emulsions 400 » thick and, after processing, the resultant tracks were followed a distance of 1 cm in a search 
for electron pairs. Separation of bremsstrahlung-produced pairs from the real tridents was achieved by 
measuring the spatial distribution of the former about the primary tracks. This distribution, after being 
corrected for scanning efficiency and fitted with the theoretical distribution of Koshiba and Kaplon, indicated 
that for the conditions of this experiment 72% of the events classified initially as tridents were in reality 
bremsstrahlung pairs. The mean free path for the direct pair production process was found to be 143447 
cm for a primary electron energy of 5364-94 Mev. The theoretical prediction of Racah for this energy is 148 
cm and is in good agreement with this experiment 


I, INTRODUCTION 


NTIL recently most of the observations of the 
direct creation of electron pairs by the interaction 


energies above 5 Bev, give results which are in rather 
serious disagreement with the theoretical predictions, 
and in fact indicate a trident cross section three to five 


of energetic electrons with the Coulomb fields of atomic 
nuclei have been made in photographic 
exposed to the cosmic rays at high altitudes.’ These 
experiments dealt chiefly with electron primaries having 
energies between 0.5 Bev and 100 Bev since energetic 
electrons are relatively abundant in high altitude 
cosmic-ray showers, and since it is in this energy region 
that the effect of the trident process on electromagnetic 
cascades is likely to be appreciable and hence of par 
ticular interest. With the advent of electron accelerators 
in the 0.5 to 1.5 Bev range? it became both feasible and 
desirable to study the trident process utilizing artifically 
accelerated electrons. This type of experiment has two 
notable advantages over the cosmic ray experiments in 


emulsions 


times larger than the theoretical one. Since such a 
disagreement might have a bearing on the validity of 
both the electromagnetic cascade theory and the quan- 
tum electrodynamical theory at high energies, it was 
thought desirable to investigate the process further 


experimentally. 
II. EXPERIMENT 
A. Exposure of the Emulsions 


The experimental arrangement shown in Fig. 1 was 
used to expose glass-mounted, 2 in.X3 in. Ilford G-5 
nuclear emulsions, of 400 uw thickness, to electrons of 
known energies produced by the 850-Mev external 


that a well-collimated beam of high intensity and 
precisely known energy may be used. 

The theoretical cross section for the trident process 
has been given by Bhabha‘ and Racah,‘ and it has been 
shown by Block et al.® that a re-evaluation and suitable 
modification of the original Bhabha result brings it into 
agreement with that of Racah. However, several of the 
primary 


bremsstrahlung beam of the Cornell synchrotron. The 
electrons were produced by directing the collimated 
and magnetically swept gamma-ray beam upon a 
0.068-in. thick Pb target located in the gap of a uniform 
field analyzing magnet. The negative members of the 
electron pairs produced in the target were bent out of 


experimental measurements,°~" notably at 


* This work supported in part by the joint program of the Office 
of Naval Research and the U. S. Atomic Energy Commission 

t Based on a thesis submitted by the author in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy at 
Cornell University 

t Now at Princeton University, Princeton, New Jersey 

1 These directly produced pair events in emulsions are fre 
quently called tridents and have been observed by many workers 
A rather extensive bibliography of the observations on tridents 
prior to 1954 has been given by Block, King, and Wada, Phys 
Rev. 96, 1627 (1954). More recent observations are discussed by 

E. Naugle and P. S. Freier, Phys. Rev. 104, 804 (1956) 

?R. R. Wilson, Phys. Rev. 100, 962(T) (1957) 

3H. J. Bhabha, Proc. Roy. Soc, (London) A152, 559 (1935 

4G, Rac ah, Nuovo cimento 14, 93 (1937) 

* Block, King, and Wada, reference 1 

*M. Koshiba and M. F. Kaplon, Phys. Rev 

7 FE. Lohrmann, Nuovo cimento 4, 820 (1956 

® Debenedetti, Garelli, Talone, Vigone, and Wataghin 
cimento 1, 226 (1956) 
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1. Experimental arrangement for emulsion exposure 
shown in the median plane of the synchrotron 
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the main gamma-ray beam and into the emulsions at 
the end of the magnet. 

Since a thin converter was used, and since the 
products of electromagnetic interactions of this type 
and energy emerge very nearly in the forward direction 
in the laboratory frame of reference, it was possible to 
obtain an unambiguous momentum resolution of the 
electrons entering the emulsions. Either entrance angle 
or position at the emulsion edge determines an electron’s 
energy but in practice the position measurement was 
used since it could be made with greater precision. The 
analyzing magnet aligned with the primary 
bremsstrahlung beam to within 0.2 degree and the 
magnetic field in the useful region of the gap was 
measured and plotted carefully, so that the value of an 
electron’s energy as it entered an emulsion was known 
to better than 0.5%. 

Electrons in the energy range 400 Mev to 800 Mev 
were intercepted by the emulsions and several exposures 
were made in order that electron track densities of 
about 104 electrons/cm? could be obtained throughout 
the total energy range. This value, in terms of the 
number of tracks seen in a 100-y field of view with the 
microscope, is about 4 electrons/100u, and represents a 
practical track density for microscopic scanning. 


was 


B. Scanning Procedure 


The emulsions were developed by a standard tem- 
perature-development technique, and an average grain 
density of about 24 grains/100 u for minimum tracks 
was obtained. This value lower than 
desirable but did not result in any serious scanning 
difficulties. 

All routine scanning was done with Bausch and Lomb 
binocular microscopes using oil-immersion objective 


is somewhat 


lenses and an over-all magnification of 675. Because of 
distortion at the emulsion edge, it was necessary to 
move in about 200 uv from the edge before scanning was 
started. Tracks crossing the scan line at this point were 
examined to see if they had the proper entrance angle 
to within one degree. This angle criterion served to 
eliminate background electrons and also indicated that 
background tracks numbered less than 1% of the total 
number of tracks. Those tracks meeting the angle 
criterion were recorded in such a way that they could 
be located again at any time and then were followed for 
a distance of not more than 1 cm into the emulsion. All 
events were recorded though electron pairs were of 


primary interest. From a preliminary scan point of view 


these were of two types: those whose origins seemed to 
be coincident with a primary electron track and there- 
fore were possible tridents; and those which were 
clearly bremsstrahlung-produced pairs. 

The possible tridents were recorded for future in- 
spection and the bremsstrahlung pairs were analyzed 
to the extent of measuring their projected separation, 
x, and their vertical separation, z, from the nearest 
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primary electron track. Knock-on electrons were seen 
quite frequently and while they were not of direct 
interest to the measurement of the trident cross section, 
they were considered important enough to record. In 
the pair creation process by bremsstrahlung or by 
electrons directly, it is possible for one member of the 
pair to receive a very small amount of the total pair 
energy. If this happens, the low-energy electron may be 
difficult to observe in an emulsion because of its short 
range and large scattering. For this reason it was con- 
sidered important to scrutinize all apparent knock-on 
events under higher magnification to make sure there 
was not a third low-energy electron track also present. 

All events involving electron pairs whose origins 
were within 1 yw of the primary electron tracks were 
examined very carefully. In most cases the relative 
spatial positions of the three tracks comprising an 
event were measured by using a scattering microscope. 
The event was then plotted on graph paper in order to 
measure the separation with some precision. In general, 
if the pair origin was greater than 0.5 uw in projected 
uw in vertical separation from the 
primary track, the event could be classified with con- 
fidence as a bremsstrahlung pair. ‘There were several 
events whose geometrical orientation or low grain 
density prevented such a classification. ‘The plots were 
not infallible since multiple scattering distorted the 
tracks in many events. In order to avoid classification 


separation and 2 


of any real tridents as bremsstrahlung pairs, it was 
decided to consider all pairs with origins less than 1 yu 
projected distance from the primaries as_ possible 
tridents. All others were called bremsstrahlung pairs. 


C. Scanning Efficiency 


With good justification it was assumed that no 
tridents would be overlooked in the scanning pro 
cedure. This assumption is not valid, however, for the 
bremsstrahlung pairs. Roughly one-third of them lie 
at distances greater than 20 » from the primary tracks 
and the scanner who is concentrating on the region 
immediately adjacent to the primary track being fol 
lowed can easily miss some of these pairs. Since the 
true number of pairs associated with the total track 
length scanned was very important in making the cor 
rection for pseudotridents, it was necessary to find how 
many bremsstrahlung pairs were missed. This was done 
by making a very careful volume scan of two repre 
sentative regions in the emulsions. The number of 
pairs found in this volume and the amount of track 
length equivalent to this volume were used to determine 
the true number of bremsstrahlung pairs per unit 
track length.’ It was felt that the efficiency for finding 


’ The possibility of pair production in the emulsions by gamma 
ray contamination entering the emulsions along with the primary 
electron flux was investigated. Since the number of bremsstrahlung 
pairs resulting from the primary electrons will increase quad 
ratically with distance into the emulsion, this process can be 
separated from the pair production process by external gamma-ray 
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Fic, 2. Observed spatial distribution, M(r), of bremsstrahlung 
pair origins about the primary electron tracks, where r is the 
separation of the pair origin from the nearest primary track. The 
linear scanning efficiency function, E(r), is also shown. The ob 
served distribution contains 178 pairs and when it is corrected 
for scanning efficiency the total number of pairs becomes 391. 
Pairs found at distances greater than 30 microns from a primary 


track were not used 


. In order to check 


pairs in the volume scan was 100% 


this surmise, a calculation of the expected number of 
pairs was made using the Bethe-Heitler formulas” for 
The number of pairs 
A large number 


the radiation processes involved. 
observed in the efficiency scan was 27. 
of similar observations would given rise to a distribution 
with a standard deviation of 5.2 pairs. The theoretical 
prediction for the same track length is 31.5 pairs. The 
agreement between the observed and the calculated 
values is considered excellent. 

These considerations led to the conclusion that the 
over-all efficiency for finding bremsstrahlung pairs in 
The observed spatial 
this 


the routine scanning was 46%. 


had to be corrected for 


distribution of 
inefficiency. The correction was made as follows. 


pairs 


D. Spatial Distribution of 
Bremsstrahlung Pairs 


There are two reasonable ways to plot the spatial 
distribution of pairs. The first way is to plot the number 
of pairs as a function of the actual distance, r, of the 
pair origins from the primary tracks. This is called the 
M(r) distribution. It is shown in Fig. 2. The total 
number of pairs observed in this plot corresponding to 


contamination, The number of pairs from the latter will increase 
linearly with distance into the emulsion. Measurements indicated 
a purely quadratic increase of the number of pairs with distance 
and thus ruled out the possibility of appreciable gamma con 
tamination, 

” H. A. Bethe and W. Heitler, Proc. Roy. Soc. (London) Al46, 
83 (1934). A correction was made to these formulas for the in- 
accuracy of the Born approximation and for the effect of atomic 


electrons 
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a track length of 3864 cm was 178. The efficiency 
measurement indicated that there should be 391+75 
pairs. In order to correct the observed M(r) distri- 
bution, a linear efficiency function E(r), was assumed 
as shown in Fig. 2. E(r) is defined in such a way that 
when the observed distribution M(r), is divided by 
E(r) a new distribution M’(r), which contains 391 pairs 
is obtained. The precise shape of the efficiency function 
E(r), would be difficult to determine and since the 
pseudotrident correction is not sensitive to this shape, 
it was felt that the linear choice was a reasonable a priori 
selection. Certainly the gross features are correct. At 
r=( the efficiency goes to 100%, and as r increases the 
efficiency must fall off. The function shown in Fig. 2 
has been adjusted so that the integral of the resulting 
M'(r) distribution agrees with the results of the effi- 
ciency scan. 

The second way to present the spatial pair distri- 
bution is to plot the number of pairs as a function of 
the separation projected onto the scanning plane. This 
projected separation is called « and the observed pro- 
jected distribution, V(x). This distribution is more 
useful for the pseudotrident correction than the M(r) 
distribution for the following reason. If one considers 
the geometry of the situation it is evident that for any 
bremsstrahlung pair event the projected separation x, 
is at most equal to the true separation r, and generally 
smaller. In fact, for a given r the possible values for x 
are 0< xr. From this consideration it is apparent that 
the V(x) distribution will have a larger percentage of 
the bremsstrahlung pair events in the region of small 
separations than the M(r) distribution. Hence the V(x) 
distribution is statistically better determined in the 
region where information for the pseudotrident cor- 
rection is needed (x< 1) than is the M(r) distribution. 
A linear efficiency function is no longer valid for this 
distribution. However one can easily transform the 
radial efficiency function E(r) into the projected 
efficiency function once the corrected radial distribution 
M’'(r) has been found. This has been done and the 
observed distribution, V(x), has been corrected to give 
the V’(x), shown in Fig. 3. 

The x<1y column is missing in the .V’(x) histogram 
and it is just the height of this column which determines 
the pseudotrident correction. The height can be deter- 
mined by extrapolation of the remainder of the dis- 
tribution into this column. This was done by fitting the 
theoretical function of Koshiba and Kaplon" to the 
histogram. The derivation of this function is based on 
small-angle scattering theory, an assumed distribution 
for the angle of emission of photons radiated by elec- 
trons in emulsions, and the normal exponential at- 
tenuation function for high-energy photons in matter 
with the conversion length for pair production taken 
to be 9/7 of a radiation length. Under the conditions of 
this expertenent the theoretical function predicts that 


'M. Koshiba and M. F. Kaplon, Phys. Rev. 97, 193 (1955). 
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of all the bremsstrahlung pairs seen, about 40% of 
them will lie within 2 microns projected distance of 
their primaries. The fit of the function to the histogram 
is shown in Fig. 3. 

In matching the theoretical curve three individual 
fits were considered, First, the area under the curve 
was made equal to the 391 events comprising the total 
corrected number of bremsstrahlung pairs present. 
Second, the curve was normalized to fit the V’(x) 
distribution at the 1<a”<2-u column. The number of 
observed events in this column was 34. Finally, the 
shape of the theoretical distribution can be changed 
by altering the values of the scattering and opening 
angle parameters used. It was found, however, that if 
the generally accepted values®*" for these parameters 
were used, the measured and the theoretical distri 
butions agreed well within the statistical uncertainty 
of the points in the measured distribution. The extra- 
polation of the theoretical function indicated that there 
should be 66.2 events in the first column. On the basis 
of the fitting criteria mentioned above, it was decided 
that this number was determined to within 7%. 


E. Evaluation of the Mean Free Path 


The various data utilized in calculating the mean free 
path for trident production are given in Table I. The 
uncertainties associated with the various values repre- 
sent total experimental uncertainty and are largely 
statistical in nature. 


(1) Track Length of Primaries 


‘The two primary measurements made in this experi- 
ment were the number of directly produced pairs and 


— 
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Fic. 3. Projected pair distribution, N’(«), corrected for scanning 
efficiency, where x is the separation of the pair origin and the 
nearest primary track projected onto the plane of the emulsion 
The smooth curve is the theoretical distribution of Koshiba and 
Kaplon fitted to the corrected histogram. A primary electron 
energy of 500 Mev was used in evaluating the theoretical 
distribution 
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TABLE I. Correction for pseudotridents and evaluation of mean 
free path for trident production by electrons in the energy interval 
400-800 Mev. 


Total track length followed = 4957 +20 cm 
Number of pairs observed with 
projected separation, x <1 ry =97 
Efficiency for finding such pairs 0.805 
Corrected number of pairs with 
x< ly N, 120.5 
Number of pseudotridents in 
total track length 
Number of tridents in total track 
length 
Mean free path for trident pro 
duction H/N = 1434-47 em 
Mean primary electron energy (= 536+94 Mev 


=85.8 


120.5 — 85.8 = 34.7 


the primary electron track length associated with these 
pairs. These two quantities together determine the 
mean free path for the process. Since the primary 
electrons were energetic, the mean angle of scattering 
after traversing 1 cm of emulsion was small and a good 
approximation to the length of a given track could be 
made by assuming that it was straight and merely 
using the coordinates of the end points to determine 
the length. This was done in all cases and an estimation 
of the error involved in making this assumption was 
made. The total primary track length followed was 
H = 4957+ 20 cm. 


(2) Pseudotrident Correction 


The N(x) distribution of bremsstrahlung pairs ha: 
been discussed in Sec. D. There it was pointed out that 
in a track length of 3864 cm there were found 178 pairs 
whose origins lay more than 1 micron from the nearest 
primary. The scanning efficiency measurement, as well 
as the Bethe-Heitler pair calculation, indicated that 
the efficiency for finding pairs was 46%. Hence for 
3846 cm of track length there were really 391 pairs 
whose origins lay more than one micron from their 
primaries. The extrapolation of the theoretical curve 
of Koshiba and Kaplon indicates that in the first column 
(O<x<1y) there are 66.2 pairs. The uncertainty in 
this number is 7%. Thus the number of pseudotridents 
among the events with x<1y is 66.2+4.6 for a track 
length of 3864 cm. For the total track length scanned 
then there will be 85.8+-5.9 pseudotridents. 


(3) Mean Energy of the Primaries 


In order to define the appropriate mean energy of 
the electrons in this measurement of the trident process, 
it is necessary to know the primary electron energy 
spectrum in the emulsions. This spectrum was both 
calculated and measured. The mean energy of the 
primary electrons as they entered the emulsion edge 
was found to be 636 Mev. Since the electrons lose 
energy while traveling through the emulsion material 
and since the tridents are made inside the emulsion, a 


correction must be made for the energy loss. Upon 
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Fic. 4. Comparison of theoretical and observed values for the 
mean free path, A, for trident production 


taking both ionization and radiation loss into account 
and using the appropriate average track length, the 
corrected mean energy is 536 Mev. The considerable 
amount of straggling associated with the radiation loss 
requires that an energy interval of +94 Mev about the 
mean value be taken in order to include 50% of the 
tracks which make tridents. The other 50% lie outside 
this interval. These considerations give significance to 
the following number: = 5364-94 Mev. 


(4) Mean Free Path 


Utilizing the values for the total track length and 
the corrected number of tridents as given in Table I, 
we arrive at a value for the mean free path for trident 
1434-47 cm. 


This can also be expressed as a cross section. If the 


production by 536-Mev electrons of \ 


number of atoms per cm* for G-5 emulsions is taken to 
be 8.03 & 10” the cross section is found to be (8.62+- 2.8) 
x 10° *6 cm*. This result is shown in Fig. 4 and compared 
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with other experimental observations®®"?* and with 
the theoretical mean free paths. 


III, CONCLUSIONS 


Since the value of the mean free path measured in 
this way depends strongly on the pseudotrident cor- 
rection, it is very important that the total number of 
bremsstrahlung pairs be determined accurately. The 
low value of efficiency for finding these pairs, as meas- 
ured in this experiment, indicates that care must be 
taken in determining this efficiency. 

At primary electron energies below 1 Bev the various 
experimental results including this measurement are in 
good agreement with both the Racah and the modified 
Bhabha predictions. The uncertainties are unfor- 
tunately too large to make a convincing selection 
between the two. At energies above 10 Bev there is still 
some disagreement between observation and theory 
although several recent experiments” *!® tend to agree 
rather well with the theory. It has been suggested by 
Naugle and Freier’ and others !® that, for electron 
energies above 1 Bev, previous discrepancies between 
experiment and theory might be due partially to a 
tendency to underestimate the primary energies. 
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It is shown that a Schwarzschild singularity, spherically symmetrical and endowed with mass, will 
undergo small vibrations about the spherical form and will therefore remain stable if subjected to a small 


nonspherical perturbation 


I. INTRODUCTION AND SUMMARY 


YCHWARZSCHILD found long ago the solution of 
the Einstein equations for the metric around a 
fixed spherically symmetrical center-of-mass : 


ds? —(1 


~ 2m*/r)dT?+ (1 — 2m*/r)d9? 


tr? (d@+sin’6d ¢*) = gy dx*dx’, (1) 


with ®=T, x' =r, 2° =6, =. Here the quantity 


m* (cm) =Gm/c? = (0.74% 10% cm/g)m(g) (2) 


denotes the value of the mass as expressed in the 
geometric units of length. A similar but more compli- 
cated expression was found by Reissner and Nordstrém! 
for the case where the system appears at a distance not 
only as a spherically symmetrical center of gravitational 
attraction but also as a spherically symmetrical center 
of electric lines of force. Such a charge-like solution 
permits interpretation in terms of a multiply connected 
space.’ The lines of force can be considered to emerge 
from one mouth of a wormhole, the other end of which 
is located somewhere else in space. ‘This interpretation 
has the following features: (1) There is no real charge 
present anywhere in space. Lines of force never end. 
The Maxwell field is free of singularity. However, the 
lines of force are trapped in the topology of space so 
that their number cannot change and the charge 
remains constant. (2) The other wormhole mouth can 
be supposed as far away as one pleases. We shall 
assume it to be infinitely far away, so that it does not 
disturb the spherical symmetry and dynamics of the 
mouth under consideration. Then use the 
Reissner-Nordstrém solution as am idealized represen- 
tation of the metric down to the throat of the wormhole. 
(3) The electric field, being divergence-free, has a 
strength qg/r’ and an energy density q’/8mr*. Translated 
to the units of length, the charge has the value 


we can 


q* (cm) = (G'/c*)q(electrostatic units). (3) 
(4) The stress energy density of this electric field acts 
as a source of gravitational field in Einstein’s field 
equations. There is no other source of the gravitational 


1H. Reissner, Ann. Physik 50, 106 (1916); G 
Proc. Acad. Sci. Amsterdam 20, 1238 (1918) 

2 J. A. Wheeler, Phys. Rev 97, 511 (1955); C. W. Misner and 
J. A. Wheeler, Ann. Phys. (to be published) ; also A. Einstein and 
N. Rosen, Phys. Rev. 48, 73 (1935 


Nordstrém, 


field in the usual way of writing these equations 
However, the equations can be rearranged’ in such a 
way as to bring into evidence an additional production 
of gravitational field by the stress energy tensor of the 
gravitational field. On this account the geometrized 
mass, m*, is not uniquely determined by the geome 
trized charge, q*; it only follows that m* is no less than 
q*. (5) One can therefore think of the field energy—or 
the mass and stress that goes with it—as in equilibrium 
under its own gravitational attraction. 

We have equilibrium, but is it stable? A sphere of 
water held together by gravitational forces is stable 
against small departures from sphericity. A sphere of 
water surrounded by a spherical shell of liquid mercury 
is also an equilibrium configuration for gravitational 
forces, but a situation of unstable equilibrium. Initial 
small departures from sphericity at the water-mercury 
interface will grow exponentially, and the mercury 
will concentrate with a rush at the center of the sphere. 
Which situation will more closely correspond to the 
behavior of a Schwarzschild singularity subjected to a 
small initial perturbation? 

We have investigated this question here up to terms 
of the first order in the departures from sphericity 
In this approximation, as in every other kind of stability 
problem in physics, the equations are linear and it is 
possible to analyze the disturbance into proper modes 
and find for each its frequency, real (stability) or 
imaginary (instability). We have determined these 
proper frequencies and find that the Schwarzschild 
singularity is essentially stable because imaginary 
frequencies would require a clearly unrealistic spatial 
behavior of the initial perturbation. 

We therefore conclude that the object in question, 
built out of the mass-free Einstein field, is stable against 
small departures from sphericity. A typical disturbance 
from the equilibrium configuration will not grow with 
time but will oscillate around equilibrium. 

The analysis proceeds in the following way: In Se« 
II we write down, following Komar and Eisenhart, 
the linear differential equations for small first-order 
the 
equations ensure that the perturbed field will satisfy 


departures from Schwarzschild metric. These 


the Einstein equations and represent a mass-free space 


+S. N. Gupta, Phys. Rev. 96, 1683 (1954 
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of nearly spherical symmetry. We look for those solu- 
tions of these differential equations which can be 
expressed in the form of a product of four factors, each 
depending upon a single one of the quantities 7, 7, 0, ¢. 

We find mathematical expressions for a complete 
set of functions of this kind, by superposition of which 
one can represent any arbitrary small first-order pertur- 
bation that satisfies the appropriate boundary condi- 
tions 

The typical mode of disturbance of the Einstein field 
has the circular frequency w. Here the quantity w is an 
eigenvalue parameter to be chosen so that the distur- 
bance satisfies the radial wave equation with the 
appropriate boundary conditions for small and large r. 

In Sec. IIL we formulate the boundary conditions for 
this eigenvalue problem and analyze the radial de 
pendence of the functions involved in the problem by 
way of the JWKB procedure. In this manner we can 
avoid the problem of securing an exact solution of the 
radial wave equation and still conclude that the proper 
frequencies are real 


II. DIFFERENTIAL EQUATIONS IN POLAR CO- 
ORDINATES FOR SMALL FIRST-ORDER 
CHANGES AWAY FROM THE 
SCHWARZSCHILD METRIC 


General Equations 


We shall indicate here the background metric with 
gy» and the perturbation in it with 4,,. The quantity 
gy» Will be later specialized to be the ordinary Schwarzs 
child metric. The perturbations h,, are supposed to be 
very small as compared with g,,. The contracted Ricci 
tensor will be, as usual, called R,, if calculated from 
guy and R,,+6R,, if calculated from g,,+A,,. It is not 
difficult to derive an expression for 6X,,. The calculation 
has been made by Eisenhart and independently by 
Komar.* We shall follow here Eisenhart’s point of view 
as being more suitable for our kind of calculation, His 
result can be expressed in the form 

bR,, 5I4, p+ SF? 2. ,, (4) 
where the semicolons indicate covariant differentiation 
and where we use the symbol 


6I°*,, he" (hay. » + Rin a Rev:e)- (5) 


Although Ig, is not a tensor, its variation is a tensor. 
Putting (5) into (4), we get a second-order differential 
equation on the 4,, from the condition 6R,,=0. This 
equation is a generalization in a curved space of the 
known Schrédinger equation for a massless particle of 
spin 2 in a flat space. When the background metric is 
given by (1), then of course R,,=0. Then the equation 
5R,,=0 means that the perturbed space is also empty 


‘L. P. Eisenhart, Riemannian Geometry (Princeton University 
Press, Princeton, 1926), Chap. VI; A. Komar, Ph.D. thesis, 
Princeton, 1956 (unpublished) 

’ See for example T. Regge, Nuovo cimento §, 325 (1957) 
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of matter or distributed energy. These equations we 
shall analyze and separate in polar coordinates. 


Analysis into Spherical Harmonics 


We first undertake to separate the solution into a 
product of four factors, each a function of a single 
coordinate. This separation is best achieved by general- 
izing to tensors the well-known development in spherical 
harmonics, already firmly established for vectors, 
scalars, and spinors. For all four cases the symmetry of 
the metric allows angular momentum to be defined. 
The angular momentum is investigated by studying 
rotations on the 2-dimensional manifold x°=7T=con- 
stant, x'=r=constant. Under a rotation of the frame 
around the origin, the ten components of the perturbing 
tensor transform like 3 scalars (hoo, ho1, 411), 2 vectors 
(hoz, hoa; A12, 413), and a second-order tensor, when con- 
sidered as covariant quantities on the sphere. For the 
scalar and vector parts we know already how to develop 
into spherical harmonics. A typical scalar function has 
the form 


o.™” =const V ™ (x2,x3) = const Y _™ (6,¢). (6) 


This term belongs to a wave of parity (—)” and of 
angular momentum L, whose projection on the 2 axis 
is M. For vectors we have two distinct types with 
opposite parity : 

a] 
parity (—)"; = (7) 


=const Vy, M (xoX3), 


Ox" 


VW ae 


0 
conste,’~—V ™ (x2%3), 
Ox, 


Oo.” 6 parity (—)4*!, (8) 


Here the labels » and v run over the values 2 and 3, 
when «?=6, 2*= y; and the e,” represent the quantities 
ef = 3 =0; €:= —1/sina’, €;?=sinx*. Similarly we shall 
later introduce the quantities ya2=1, Y2=O0=732; 
va=sin*’x’, Both types of vector carry an angular 
momentum L. For tensors similar properties hold. We 
outline here only the results. There are three funda- 
mental types of tensor of angular momentum L: 


Wr" 


const Y ,™.,,(covariant derivatives), 
parity (—)"; (9) 
constyy»V¥i™, parity (—)*; (10) 


o1 me 
xe w=} constlepWi™r,+erwi™ ry J, 


parity (—)**, (11) 


Any one of these terms can obviously be multiplied by 
an arbitrary function of r and 7, without changing its 
transformation properties under a rotation. It is clear 
that term (10) is a simple combination of a scalar with 


the metric tensor on the sphere, y,»=g,,//7’. Term (8) 
can be considered as a “pseudogradient” of V,™ (xoxs). 
Similarly (9) and (11) can be obtained by operating 
twice with gradients and pseudogradients. The trace 
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of (11) is identically 0. The trace of (9) has the value 
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ghey ™ y= —L(L+1)V.™ (6,¢) X const. 


From the results that we have just outlined, it follows that the most general perturbation belonging to a given 


L, M, and parity (—)“* is of the form: 
—ho(T,r)(0/sin6d y) ¥ .™ 
—h,(T,r)(0/sin60 ¢) VY .™ 
h»(T,r) (0?/sin6000 y— 


Sym Sym 


Sym Sym 


cos00/sin*00 ¢) VY,“ 


Aho Tr) (0?/sin00 gd o+ cos0d/00— sin6d?/ 0008) V .™ 


ho( Tr) (sind d/00) Y ~™ 
hy (Tr) (sindd/00) ¥ .™ 
Sym 


~hy( Tr) (sin0d?/ 000. ¢— cosdd/dy) VY .™ 
(12) 


Here the rows and columns are numbered in the order 0, 1, 2, 3 (7, r, 0, ¢). The symbol “Sym”’ indicates that 


the missing components of /,, are to be found from the symmetry /,, 


type of perturbation. 


h,,. We shall refer to (12) as the “odd” 


Even Waves 


The grouping of the terms of even parity yields the “even’ 


2m*/r)Ho(Tr)Vi4@ Hy(Tyr)Vi™ 


Hy (T 7) ¥ iM 


Sym Sym 


™ 


Sym 


| Sym 


| 


Frequency Analysis; Specialization to M=0 


Owing to the spherical symmetry of the background 
metric, Eqs. (4) and (5) cannot mix terms belonging to 
different L and parity. To apply quantum language to 
a classical problem, we can say that L, M, and the 
parity are constants of the motion. The existence of 
still another constant follows from the circumstance 
that the background metric (1) is independent of the 
cotime, T=ct. On this account we can consider a 
perturbation of a definite frequency, w=kc, so that 
every component of the perturbation /,, will have a 
time dependence of the form exp(—twl)=exp(—ikT). 
We therefore proceed to determine completely the form 
of the individual solution of specified parity, L and M 
values, and frequency. The general solution will be a 
superposition of these individual solutions with coeffi 
cients adjusted to fit the appropriate boundary condi- 
tions and initial values. 

In working out the typical individual solution, we 
need not occupy ourselves with the angular dependence, 
which is completely specified by (12) and (13). More 
over, there is no need to work with an arbitrary M. 
For any specified choice of L, k, and partly all values 
of M (M=-—L, —L+1, ---L) will lead to the same 
radial equation. We prefer to take M=0 with the 


(1—2m*/r)Ho(T rn) V¥ .™ 


perturbation : 
ho( Tr) (0/00) VY ,™ ho(T,r)(0/dg)V¥.™ 
hy(T,r) (0/00) ¥ .™ 


rl K(T,r) 
+G(T,r) (0*/ 06") |V .™ 


hy(T,r)(0/0¢)V .™ 


Sym 


G(T r)(0/dbd¢ 
C0800/sin8d ye) V .™ 


r’| K(T,r) sin’ 
+G(T,r)(0?/dpd¢ 
+siné cos00/00) lV; M 
(13) 


advantage that y will completely disappear from the 
We still left 


amount of labor. An odd wave contains three unknown 


calculations. are with a considerable 
functions of r. Worse, an even wave contains seven 
unknown functions. Here comes a fact which greatly 


simplifies and illuminates the calculation. 


Gauge or Coordinate Transformations and the 
Simplifications They Can Bring 


Different waves can represent the same physical phe 
nomena viewed in different systems of coordinates, Con 


sider an infinitesimal coordinate transformation 
(14) 


The infinitesimal displacements £* transform like a 


vector. In the new frame we shall have 


(15) 


Bur thy = oot Epot Era t Ayo. 


Now h,, is defined as the difference between the per 
turbed metric and the Schwarzschild metric wrillen in 
Spherical coordinates. According to this definition, the 


difference in the new frame will have the value 


fag y®O™ = foyg? 9 t- Eat Ep: 5 (16) 
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This result can be interpreted by saying that for 
infinitesimal changes in the coordinates the h,, undergo 
a “gauge transformation” quite similar to the well- 
known gauge transformation for the electromagnetic 
field. We can now use this important circumstance in 
order to simplify the description of the perturbation 
and to make it unique. 

The gauge transformation (16) can be performed on 
any individual partial wave, Obviously no real simplifi- 
cation will result unless the resulting wave still belongs 
to the original eigenvalues. This requirement limits the 
possible choices for &*. This vector turns out to be a 
spherical harmonic of the same L and parity as the 
partial wave in consideration. Such a gauge transfor- 
mation allows us to impose additional simplifying 
conditions on the perturbation, h,,. We have therefore 
chosen to eliminate those terms which contain the 
derivatives of the highest order with respect to the 
angles. Then the final radial equations simplify. More 
over, the desired gauge transformation £* can then be 
found by the use of finite operations only, without 
arbitrary constants and boundary conditions. 

‘The gauge vector £* that simplifies the general odd 


wave (12) must have the form 


A(T r) €"(0/0x") V 1™ (6,¢), 


(yp, v a 3) 


g'=(), § 
(17) 


’ 


according to the foregoing arguments. Moreover, the 
radial function A can be adjusted to annul the radial 
factor h2(7T\r) or that component of the perturbation 
h,, which has the form (11). 


» 


Canonical Form of Odd and Even Waves 


The final canonical form for an odd wave of total 


angular momentum L and projection M=0 is then 


ho(r) 
hy(r) 
0 | 
Sym Sym 0 O 


exp(—ikT) (sindd/00)P_(cos@). (18) 


In a similar way we write the gauge transformation 


that simplifies even waves in the form 


P= Mo(Tr)Vi" (0,9); #=Mi(T yr) Vi" (6,¢); 

t= M(T,r) (0/00) V 1" (0,¢) ; 

t= M(T,r)(d/sin*9d¢) V1" (0,¢). 

We adjust the factors Mo, M,, and M to annul the 
factors G, ho, and Ay in expression (13), thereby ob 
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taining the even wave in the canonical form 
hy, =exp(—tkT) P,(cos6) 
Hy(1—2m*/r) Hy, 
H, H.(1—2m*/r)™ 
0 0 


0) () r’K sin’é | 


(20) 


There are therefore two unknown functions of r in the 
odd case (ho and fy) and four unknowns for the even 


case (Ho, H,, Hy, and K). 


Radial Wave Equations 


We now substitute the expressions (18) and (20) for 
the first-order perturbation into the first variation of 
the Einstein field equations, 


I’, »?.6— 40 ,p*,,=0. (21) 


The resulting equations for the radial factors may be 
derived and discussed separately for odd and even 
waves. 

For odd waves the variation 6I’,% vanishes identi- 
cally. Out of the 10 Einstein equations only 3 nontrivial 
ones can be obtained: 


2m* /r)hy=0, 
from 6Ro,=0; 
(1—2m*/r)"k(dho/dr—kh,— 2ho/r) 
+ (L—1)(L4+2)h,/r=0, bRi3=0; 
(d/dr) (khy—dho/dr) + 2kh,/r=r?(1—2m*/r)™ 
XK (4m*ho/r—L(L+1)hy), from 6Ros=0. 


(1—2m*/r)“khot+- (d/dr) (1 


(22) 


from 


The last equation is a consequence of the other two. 
Define 

O=(1—2m*/r)hy/r, (23) 

eliminate Ay, and find for 0 the second-order wave 
equation, 

oO dr™ + Rep? (r)O Q), (24) 


Here we have made the abbreviations 


dr* =exp(4\—4v)dr, 
and 
ko? =R?—L(L+1)e’/r’+6m*e’/r', (25) 


where \ and y are defined by the expression for the 
metric, 
(26a) 


ds? = —e’dT*+edr’ +r (d#+sin*éd ¢”) ; 


thus, 
e’=e°%=1—2m*/r. (26b) 
For even waves the 10 Einstein field equations give 
7 nontrivial conditions: one algebraic relation; 3 first- 
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order differential equations; and 3 of the second order. 
We use one relation, 

Hy Hy H, (27a) 
to eliminate Hy from the other 6 equations: 


dK /dr+r 3 (K+H)—L(L+1)H,/2kr’ 


(1—2m*/r)—'m*K /r? =0, 
k(K—H), 
kH,— (1—2m*/r)(d/dr)(K+H) — (2m*/r?)H=0; 


(27b) 


(d/dr)(1—2m*/r)H, (27¢) 


(27d) 


(d/dr) (1 —2m*/r) (2rH+- (d/dr)r’?K)—L(L+1)K 


— kr \+- kr? (1—2m*/r)"K=0; (27e) 


2k(1—2m*/r) (dH ,/dr)+2km*H\/r’+kR°H 
— (1—2m* r)*{ (d r’dr) (r'dH /dr) 
+2(d/r'dr) (r’dK /dr) |\— (1—2m*/r)[ L(L+1)H/r? 
+4m* (d/r'dr) H+ 2m*(d/r'dr)K \=0;  (27f) 


(1—2m*/r)*?H /dr?+- (2/1) (1 —2m*/r)dH /dr—k?H 
~ L(L+1)(1—2m*/r)(H/r*?) —2km*H ,/r* 
—2k(1—2m*/r) (d/rdr)r?H +-2kK 

+2(1—2m*/r)(m*/r?)dK /dr=0. (27g) 

We are facing a system of 6 equations in 3 unknowns. 

One will expect that the 3 first-order Eqs. (27b,c,d) 

will suffice to determine the solutions, apart from the 

boundary conditions. Actually the second-order Eqs. 

(27e,f,g) contain an additional nontrivial piece of infor 

mation about the that is 

(27b,c,d). Specifically, a rather elaborate investigation 

shows that (27e,f,g) can all be deduced from (27b,c,d) 

plus the algebraic relation 


solution consistent with 


[ 6m*/r+-(L—1)(L+ 2) JH+[ 2kr 
+[ (2m*/r) + (L—1)(L+2) 
2(1—2m*/r)— (m*/r+- k’r”) |K=F=0; 


L(L+1)m*/Pk |, 


(28) 


and conversely, (27b,c,d) and (28) follow from (27e,f,g), 
provided that the frequency k is nonzero. The static 
case will be discussed separately. 

It is remarkable that (28) is an algebraic relation 
consistent with (27b,c,d). It can properly be called a 
“first integral.’’ Thus, let Kt, Ht, H,' be any solution 
of (27b,c,d) and let F! be the corresponding function 
constructed from (28). We have the following identity : 


dF t/dr+-(m*/r*) (1—2m*/r) Ft =0. (29) 


If now Ft vanishes at one point—as is possible by an 


appropriate choice of the arbitrary constants—then 


Ft=0 everywhere. 


Static Case and Its Physical Interpretation 


In the static case where k=0 it follows from (27b,c) 


that H, vanishes. The other two radial factors can be 
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shown to satisfy the relations 
(d/dr)(K+H)+ (2m*/r’)(1—2m*/r) 'H=0, 
(dH /dr)+ (2m*/r?) (1 —2m*/r) "H+ 2H /r 
+-(L—1)(L+2)(K+H)/2m* =0. 


(30) 


For L=0 the solution is trivial. We get the difference 
between the Schwarzschild metrics for the two reduced 
masses m* and m*+5m*. For L=1 we expect to find a 
solution that corresponds to a displacement of the 
center of attraction by the amount 62: 


xref he: 0— 0 — sinbbz/r: 


cP (31) 
r—r+coshés; gy; TT. 


This transformation is not acceptable (1) because it 
assumes Euclidean rather than Schwarzschild geometry 
for the displacement and (2) because it leads to a 
change h,, in the metric have the 
diagonal form of (20). The correct infinitesimal coordi 


which does not 


nate transformation has the form 


r—r-+ Cosddz, 
(32) 


6—0+- (sin#z/2m*) In(1—2m*/r), 


and the two radial factors that satisfy (30) have the 
values 


H,=Hy=H 


K = (62/m*)[ (2m*/r)+1n(1— 2m* 


(2m*/r*)5z/(1—2m*/r) ; 


(43) 
r) |. 
For L>1 we eliminate (K+-//) from Eqs. (30) and 
obtain an equation for the quantity M=r(r—2m*)H 


(d°M /dr*) —[ 1+ (r— 2m*)”! |(dM /dr) 


(L—1)(L+2)M/r(r—2m*)=0. (34) 


The general solution of this equation can be expressed 
in terms of the associated Legendre functions: 


M =aP,(1—r/m*)+p0, (1—1r/m*), — (35) 


where 
P, (4%) =3(1—27); Ps (: 15a(1 
x”) (d?/dx*)[ 4 (3.2 
(1 — x?) (d?/dx?)[ 4 (524 


Py, ses 


QO, (x) = (1 1) arc tanha— (3x/2) |, 


3x) arc tanha 
(5a2/2)+ (2/3) ], 


By way of comparison with the solution 


consider the expression, 


(32) 


’ 


V=O/r+> (arur’+Biuur’')Vim(0,¢), (36) 


for electrostatic potential in flat space. Here the a terms 
represent the asymmetries in the potential due to re 
mote sources and the § terms are due to asymmetries 
in the distribution of internal sources, ‘The origin of 
the two kinds of terms in (35) is a little more subtle 
We interpret them both as asymmetries in the metric 
arising from remote masses, as follows: (1) masses in 
the present region of space, and (2) masses in the region 
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of space which unfolds from the other end of the 
wormhole. Naturally motions of both kinds of sources 
will be demanded by the field equations themselves. 
In contrast, the field equations of electrostatics are 
linear and are not{sufficient in and by themselves to 
give the equations of motion. On this account, in the 
expression (36) for the electrostatic potential one is 
content to consider the a’s and #’s as constants. In 
contrast, one might well ask how the a and @ in (35) 
can be constant if they represent the effect of remote 
masses that will inevitably be set in motion. However, 
we deal always with the metric inferior to these remote 
masses. Therefore there is no obvious reason for a 
change with time in these coefficients. Moreover, the 
equations themselves say that the solution (35) is static. 

Static solutions of odd type also exist. To analyze 
these solutions, we annul the frequency parameter & in 
Eqs. (22), note that the radial factor 4; must vanish, 
and find for the other radial factor the second-order 
equation 


d’hy/ dr? +- (1 — 2m*/r)-! (4m*/* 


L(L+1)/r)ho=0. (37) 


Here again the general solution is a linear combination 
of two terms which reduce at large r to the form r- 
and r’*!, These terms are interpreted as before as the 
effect of asymmetrically distributed masses which are 
very remote and located on the one side or the other 
of the wormhole. That solution which behaves asymp- 
totically as rt! allows itself to be expressed as a 
hypergeometric function that reduces to a polynomial 


in z=7/2m*: 


ho=27F(L+2, 1 
2-+-[(L+2)(1—L)/4]2 
+ (L+2)(L4+3)(1—L)(2—L)/2!4X5 |a*4+---- 
H{ (L+2)(L+3)- ++ (2L)-(1—L)Q—L)--- 
 (—1)/(L—1) 145+ + + (14-2) Joe, 


L, 4, s) 


(38) 


We shall not investigate further the behavior of 
static perturbations. We interpret them as the effect of 
distant masses, producing inhomogeneous external 
gravitational fields, and thereby deforming the mouth 
of the wormhole that would otherwise be spherically 
symmetric. These perturbations have nothing directly 
to do with the dynamics or stability of the Schwarzs- 
child metric itself. 


Ill. BOUNDARY CONDITIONS AND STABILITY OF 
THE SCHWARZSCHILD SINGULARITY 


Regularity Conditions; Odd Waves Analyzed Via 
the Concept of Effective Potential 


A physically acceptable dynamic variation away 
from the background metric must be represented by 
functions which have at the starting instant a reason- 
ably regular behavior both at the point r= 2m* and at 
infinity. 
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It is simplest to analyze first the odd dynamic 
disturbances, as they are governed by the single 
relatively simple differential Eq. (24). The general 
solution behaves so: 


Q~cye(1/2m* — 1)?" + ce * (9 /2m* — 1) 2 
for r—2m*, (39) 


for rm, 


O~ cz sin(kr+n) 
Between these two extreme values of r the behavior of 
Q can be found by interpreting ker’ in (24) in terms of 
an effective potential or effective refractive index 
encountered by gravitational waves. There is little 
difference in equations between the analysis here and 
that given previously for electromagnetic waves® and 
for neutrinos’ moving under the influence of a spheri- 
cally symmetric metric of the form (26b): 


Ke" /9* + (xr-*e”- 


—«r el’ de\"/dr), 


ko? (neutrinos) = k?- 


(40a) 


kot’ (light) = k’— L(L+1)e"/r’, (40b) 


ku? (gravitational waves) 


= k?— 1 (L+1)e’/r’+6m*e’/r’. (40c) 


The k’ factor on the right-hand side of each expression 
plays the part of the energy in the Schrédinger wave 
equation, and the quantity subtracted from k’ can be 
given the name of effective potential. 

‘The effective potential starts from 0 at the Schwarzs- 
child radius, rises to a maximum and then falls off 
again to zero at very large r. Therefore there are three 
regimes to be considered. In case 1, the quantity k’ 
exceeds the height of the barrier and the solution is 
everywhere oscillatory. In case 2, the quantity k? is 
still positive, but less than the height of the barrier. 
The critical barrier height, &eri®, is given by the 
equation 


2m*roric=¥t4(L+4) 7+ °°; 


Rorit — (2.598X 2m*) 1 (L+4) 
— (9/8)(L+4)1+:--], 


(41) 


when L is large. This case 2 recalls the problem of 
binding photons in the gravitational field of a geon. 
The interesting wave either falls off or rises exponenti- 
ally in the barrier region. The one case, case 2a, corre- 
sponds to gravitational waves which never escape to 
large r. Such waves are of interest for the theory of 
gravitational geons: geons which derive all their mass 
and energy from gravitational waves trapped in the 
metric. Case 2b corresponds to waves which are large 
outside the barrier. These solutions like the case 1 
solutions represent freely running gravitational waves 
disturbed to a greater or lesser extent by the gravita- 
tional field of the mass that they encounter. 


* J. A. Wheeler, Phys. Rev. 97, 511 (1955). 
7D. Brill and J. A. Wheeler, Revs. Modern Phys, 29, 465(1957). 





STABILITY OF 


Waves that Go through the Wormhole 


The behavior of the waves will be affected by the 
conditions they encounter at small r, The metric acting 
on the gravitational wave in the present problem is 
multiply connected, whereas the metric acting on the 
neutrinos and electromagnetic waves in the published 
examples was topologically equivalent to Euclidean 
space. In those examples there was a definite origin at 
which the wave amplitude had to go to zero. By that 
condition the phase of the wave was uniquely deter- 
mined, as showed up most readily in the JWKB 
approximate representation of the solution. The con- 
trary will be the case for the present metric. The phase 
is not determined as it was for electromagnetic and 
neutrino geons, and as it would be for a gravitational 
geon. The ambiguity in phase has a clear physical 
significance. The ingoing wave need not equal in 
strength the outgoing wave. The Schwarzschild space 
is to be visualized as not inwardly bounded.’ Instead, 
it can be considered as one mouth of a wormhole, the 
other mouth of which emerges elsewhere. Gravitational 
waves must be able to propagate through this tunnel 
as they propagate anywhere in space. The undetermined 
phase of this wave gives one the freedom that one can 
and must demand for a complete description of such 
“waves through the wormhole.” 


Space Behavior Unacceptable for Waves 
of Imaginary Frequency 


Regime 3 corresponds to negative values of k’. ‘The 
analysis of the space dependence of such solutions shows 
that the radial part is uniquely determined by the 
requirement that it shall not go to infinity at large r. 
The solution that is acceptable because it falls off for 
large r proves, however, to fall off also at the Schwarzs 
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child radius. Therefore there is no possibility to join it 
smoothly to a solution “in the other half of the tunnel” 
which will be acceptable. Consequently we conclude 
that there are no unstable solutions for odd waves. 

There remains the discussion for the even waves. 
Here we have to examine the system (27b,c,d) supple 
mented by the condition (28). Unfortunately, owing to 
the complication of the equations involved, we were 
not able to establish a convenient “effective potential” 
picture. However, as far as stability is concerned there 
is no difficulty in recognizing that the same arguments 
used for odd waves are still valid. 

We cannot avoid pointing out the essential impor 
tance of condition (28) in this analysis. It eliminates 
spurious solutions which do not have the correct be 
havior on the singular sphere. ‘This can be clearly 
shown by a power series analysis near r= 2m*. Indeed 
to have the correct “wave through the tunnel” behavior 
it proves essential that the radial factor K be small for 
r~2m* as compared with the other unknowns. This is 
plainly a consequence of (28). Curiously enough the 
same equation (28) also demands that the same factor 
K has to be negligible for large r, insuring the correct 
behavior at is then the same as 
for the odd waves. Consequently we conclude that 
of the gravitational field 


#«. The discussion 
Schwarzschild’s solution 
equations is stable. 
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A brief review of the physical significance of the paradox of Einstein, Rosen, and Podolsky is given, and 
it is shown that it involves a kind of correlation of the properties of distant noninteracting systems, which 
is quite different from previously known kinds of correlation. Ar illustrative hypothesis is considered, 
which would avoid the paradox, and which would still be consistent with all experimental results that have 
been analyzed to date. It is shown, however, that there already is an experiment whose significance with 
regard to this problem has not yet been explicitly brought out, but which is able to prove that this suggested 
resolution of the paradox (as well as a very wide class of such resolutions) is not tenable. Thus, this experi 
ment may be regarded as the first clear empirical proof that the aspects of the quantum theory discussed 
by Einstein, Rosen, and Podolsky represent real properties of matter. 


1, INTRODUCTION 


N a well-known article,' Einstein, Rosen, and 
Podolsky have given an example of a hypothetical! 
experiment capable of testing certain apparently para- 
doxical predictions of the current quantum theory. In 
order to illustrate this experiment we shall consider a 
special example which permits us to present the argu 
ments of Einstein, Rosen, and Podolsky in a simplified 
form.’ 
We consider a molecule of total spin zero consisting 
of two atoms, each of spin one-half, The wave function 
of the system is therefore 


1 
y Lv (1)¥-(2) W_(1)W,.(2) |, (1) 
VZ 


where y, (1) refers to the wave function of the atomic 
state in which one particle (A) has spin +%/2, etc. The 
two atoms are then separated by a method that does 
not influence the total spin. After they have separated 
enough so that they cease to interact, any desired com 
ponent of the spin of the first particle (A) is measured. 
Then, because the total spin is still zero, it can im- 
mediately be concluded that the same component of the 
spin of the other particle (B) is opposite to that of A. 

If this were a classical system, there would be no 
difficulty in interpreting the above results, because all 
components of the spin of each particle are well defined 
at each instant of time. Thus, in the molecule, each 
component of the spin of particle A has, from the very 
beginning, a value opposite to that of the same com 
ponent of B; and this relationship does not change 
when the atom disintegrates. In other words, the two 
spin vectors are correlated, Hence, the measurement of 
any component of the spin of A permits us to conclude 
also that the same component of B is opposite in value. 
The possibility of obtaining knowledge of the spin of 
particle B in this way evidently does not imply any 


1 Einstein, Rosen, and Podolsky, Phys. Rev. 47, 777 (1935), 
herafter referred to as ERP 
2See D. Bohm, Quantum Theory (Prentice-Hall, Inc., 


York, 1951), Chap. XXII for a fuller discussion. 


New 


interaction of the apparatus with particle B or any 
interaction between A and B. 

In quantum theory, a difficulty arises, in the inter- 
pretation of the above experiment, because only one 
component of the spin of each particle can have a 
definite value at a given time. Thus, if the x component 
is definite, then the y and z components are indeter- 
minate and we may regard them more or less as in a 
kind of random fluctuation. 

In spite of the effective fluctuation described above, 
however, the quantum theory still implies that no 
matter which component of the spin of A may be 
measured the same component of the spin of B will 
have a definite and opposite value when the measure- 
ment is over. Of course, the wave function then reduces 
to ¥,(1)~_(2) or to p_(1)W,.(2), in accordance with the 
result of the measurement. Hence, there will then be 
no correlations between the remaining components of 
the spins of the two atoms. Nevertheless, before the 
measurement has taken place (even while the atoms are 
still in flight) we are free to choose any direction as the 
one in which the spin of particle A (and therefore of 
particle B) will become definite. 

In order to bring out the difficulty of interpreting 
the result, let us recall that originally, the indeter- 
minacy principle was regarded as representing the 
effects of the disturbance of the observed system by the 
indivisible quanta connecting it with the measuring 
apparatus. This interpretation leads to no serious 
difficulties for the case of a single particle. For example, 
we could say that on measuring the z component of the 
spin of particle A, we disturb the x and y components 
and make them fluctuate. ‘This point of view more 
generally implies that the definiteness of any desired 
component of the spin is (along with the indefiniteness 
of the other two components) a potentiality® which can 
be realized with the aid of a suitably oriented spin- 
measuring apparatus. 

In the case of complementary pairs of continuous 
variables, such as position and momentum, one obtains 
from this point of view the well known wave-particle 


‘1D. Bohm, reference 2, Chaps. VI and XXII. 
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duality. In other words, the electron, for example, has 
potentialities for mutually incompatible wave-like and 
particle-like behavior, which are realized under suitable 
external conditions. In the laboratory those conditions 
are generally determined by the measuring apparatus 
although, more generally, they may be determined by 
any arrangement of matter with which the electron 
interacts. But in any case, it is essential that there must 
be an external interaction, which disturbs the observed 
system in such a way as to bring about the realization 
of one of its various mutually incompatible potentiali- 
ties. As a result of this disturbance, when any one 
variable is made definite, other (noncommuting) vari- 
ables must necessarily become indefinite and undergo 
fluctuation. 

Evidently, the foregoing interpretation is not satis- 
factory when applied to the experiment of ERP. It is 
of course acceptable for particle A alone (the particle 
whose spin is measured directly). But it does not ex- 
plain why particle B (which does not interact with A 
or with the measuring apparatus) realizes its potenti- 
ality for a definite spin in precisely the same direction 
as that of A. Moreover, it cannot explain the fluctua- 
tions of the other two components of the spin of particle 
B as the result of disturbances due to the measuring 
apparatus. . 

One could perhaps suppose that there is some hidden 
interaction between B and A, or between B and the 
measuring apparatus, which explains the above be- 
havior. Such an interaction would, at the very least, be 
outside the scope of the current quantum theory. 
Moreover, it would have to be instantaneous, because 
the orientation of the measuring apparatus could very 
quickly be changed, and the spin of B would have to 
respond immediately to the change. Such an immediate 
interaction between distant systems would not in general 
be consistent with the theory of relativity. 

This result constitutes the essence of the paradox of 
Einstein, Rosen, and Podolsky. 


2. POSSIBLE INTERPRETATIONS OF THE PARADOX 
OF EINSTEIN, ROSEN, AND PODOLSKY 


It should be noted that the difficulties arising in 
connection with the ERP paradox are serious only for 
the case that particles are so far apart that: (a) the 
observing apparatus can influence only one particle at 
a time and (b) the two particles do not interact signifi 
cantly. On the other hand, it was not possible previously 
to find an experiment which would test the many-body 
Schrédinger or Dirac equations under the conditions 
described above, in which this paradox can arise. For 


example, it is evident that the agreement with experi- 
ment of the energy levels of the many electron-atom 
cannot test for the essential points that we are discussing 


here. Moreover, as we shall see in the Appendix, it has 
not yet been possible to make such a test with the aid 
of scattering experiments. 
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At first sight it would seem then that there exists at 
present no experimental proof that the paradoxical 
behavior described by ERP will really occur. If this is 
so, then we are free to consider the assumption that 
perhaps the difficulty comes from the yet experimentally 
unverified extrapolation of the many-body Schrédinger 
and Dirac equations to the case where the particle's 
wave functions do not overlap and where the particles 
do not interact. In fact, Einstein has (in a private com 
munication) actually proposed such an idea; namely, 
that the current formulation of the many-body problem 
in quantum mechanics may break down when par 
ticles are far enough apart. 

The consequences of such an idea have already been 
discussed by Furry.‘ ‘To illustrate Furry’s conclusions 
in terms of our problem, we may consider the possi 
bility that after the molecule of spin zero decomposes, 
the wave function for the system is eventually no 
longer given by Eq. (1), which implies the puzzling 
correlations of the spins of the two atoms. Instead, we 
suppose that in any individual case, the spin of each 
atom becomes definite in some direction, while that of 
the other atom is opposite. ‘The wave function will be 
the produc t 


V=Vi0¢( Lo 9(2), (2) 
where W,6,¢(1) is a wave function of particle A whose 
spin is positive in the direction given by @ and ¢. In 
other words, each particle goes into a definite spin 
state, while the fluctuations of the other two com 
ponents of the spin are uncorrelated to the fluctuations 
of these components of the spin of the other partic le 
In order to retain spherical symmetry in the statistical 
sense, we shall further suppose that in a large aggregate 
of similar cases, there is a uniform probability for any 
direction of @ and ¢. 

It is true that in any single case, the total angular 
momentum will not be conserved (just because the 
fluctuations of the two particles are now uncorrelated), 
However, thus far, there has not been given an experi 
mental demonstration of the detailed conservation of 
every component of the angular momentum, for par 
ticles that are far apart and not interacting. On the 
other hand, with the model that we have discussed 
here, the uniform probability of all directions will lead 
to the experimentally observed fact of conservation on 
the average. Thus, all evidence cited up to this point 
is equally consistent with either theory, but the model 
described above has the advantage of avoiding the 
paradox of ERP. For if this model should be correct, 
there will be no precise correlation of an arbitrary com- 
ponent of the angular momentum of each particle in 
every individual case, and our decision to choose a 
certain direction for measuring the spin of particle A 
will have no influence whatever on the state of particle 
B [since the wave function is just the product (2) | 


*W.H. Furry, Phys. Rev. 49, 393, 476 (1936) 
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In Sec. 3, we shall describe and analyze an actual 
experiment which shows that the interpretation pro- 
posed above for the paradox of ERP is untenable. This 
experiment shows that we cannot avoid the paradox 
by assuming a breakdown of the quantum theory when 
particles are far apart and do not interact. For the 
case of the measurement of the spin of the two atoms 
which originally formed a molecule of total spin zero, 
the analogous result would be that there is definitely a 
precise correlation of the value of any component of 
the spin of atom A that we choose to measure with the 
same component of the spin of atom B, even in each 
individual measurement. 

With this fact in mind, we return to the problem of 
interpreting the hypothetical experiment of ERP. 
Clearly for this case, we can no longer retain the 
notion that a definite value of a given variable is 
essentially realized through interaction with an appro- 
priate apparatus, and that the indeterminacy principle 
represents only an uncontrollable fluctuation in com- 
plementary variables brought about by a disturbance 
originating in the apparatus. 

‘Two general types of solutions have been offered for 
this problem. 

First of all, Bohr® has proposed that the observing 
apparatus plus what is observed form a single indi- 
visible combined system not capable at the quantum- 
mechanical level of being analyzed correctly into sepa 
rate and distinct parts. Each particular kind of 
apparatus then forms with an electron for example, a 
different kind of combined system, not subject to 
comparison in detail with the system formed by the 
electron and some other kind of apparatus. Bohr then 
showed that one can consistently regard the quantum 
theory as nothing more than a means of calculating the 
probability of every observable result that can come 
out of the operation of all possible combined systems 
of different kinds of measuring apparatus with different 
kinds of entities that are to be observed. This notion is 
to be applied just as much to the observation of single- 
particle systems as to that of many-particle systems. 
Thus, our inability in principle to analyze in detail the 
motions of the spins of our two atoms is not basically 
different from our inability in principle to analyze in 
detail the motion of a single electron in an atom, In all 
cases we can only accept the total result that comes out 
of a measurement and calculate its probability. 

It is clear that in Bohr’s point of view, no paradox 
can arise in the hypothetical experiment of ERP. For 
the system of two atoms plus the apparatus which is 
used to observe their spins is, in any case, basically 
inseparable and unanalyzable, so that the questions of 
how the correlations come about simply has no meaning. 
We can show that there is no inconsistency in the 
quantum-mechanical conclusion that such correlations 

*N. Bohr, Phys. Rev. 48, 696 (1935); also Chap. 7 in Albert 


Einstein, Philosopher Scientist, edited by P. A. Schilpp (The 
Library of Living Philosophers, Inc., Evanston, 1949) 
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exist, but there is, in this point of view, no way even 
to raise the question of what is their origin. 

The second general kind of idea which has been pro- 
posed for understanding the meaning of the paradox of 
ERP is along the lines of suggesting a deeper explora- 
tion of the quantum theory as a whole. In this kind of 
explanation, we agree with Bohr in treating the system 
consisting of apparatus plus what is observed as a 
single combined system; but we differ, in that we sup- 
pose that this combined system is at least conceptually 
analyzable into components which satisfy appropriate 
laws. Two possible ways of doing this have been 
suggested. 

First, there is the so-called causal interpretation of 
the quantum theory.’ This utilizes the idea already 
mentioned in Sec. 1 of a hidden interaction between 
distant particles. The hidden interaction is a new kind 
of so-called “quantum potential” which implies the 
possibility of a connection between distant particles 
even when their classical interaction potential is zero. 
It must be admitted, however, that this quantum 
potential seems rather artificial in form, besides being 
subject to the criticism of Sec. 1 that it implies instan- 
taneous interactions between distant particles, so that 
it is not consistent with the theory of relativity. 

Secondly, there has been developed a further new 
explanation of the quantum theory in terms of a 
deeper subquantum-mechanical level. The laws of this 
lower level are different from those of the quantum 
theory, but approach these latter laws as an approxima- 
tion, much as the laws of atomic physics approach 
those of macroscopic physics when many atoms are 
involved. Explanations of this kind will be published 
later.’ It will be seen with the aid of this theory that 
the paradox can be understood in a perfectly rational 
way, in terms of a new notion of coordinated fluctua- 
tions arising in the subquantum-mechanical level. 

In sum, then, the quantum theory of the many-body 
problem implies the possibility of a rather strange kind 
of correlation in the properties of distant things. As we 
shall see in the next section, experiments proving the 
presence of this kind of correlation already exist. Any 
attempt to interpret the quantum mechanics and to 
understand its meaning must therefore take such cor- 
relations into account. 


3. EXPERIMENT VERIFYING THE 
PARADOX OF ERP 


While the paradox of ERP is most clearly expressed 
in terms of the correlations of spins of a pair of atoms, 
it is at present practicable to test it experimentally 
only in the study of the polarization properties of cor- 
related photons. Such photons are produced in the 
annihilation radiation of a positron-electron pair. In 


*D. Bohm, Phys. Rev. 85, 166 (1952); 85, 180 (1952). 

7A general discussion of this problem is given in D. Bohm, 
Causality and Chance in Modern Physics (Routledg and Kegan 
Paul, Ltd., London, 1957), see Chaps. III and IV. 
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this process, two photons are given off simultaneously, 
with opposite momentum |p|=%k (where & is the 
wave number). As a simple calculation based on the 
quantum theory of radiation shows,* each photon is 
always emitted in a state of polarization orthogonal to 
that of the other, no matter what may be the choice of 
axes with respect to which the state of polarization is 
expressed. 
The most general state for a photon of wave number 
k directed along the positive z axis is 
P=rCp bot sCro. 
Here Wo is the ground state of the radiation field, the 
C’s are creation operators for photons polarized re- 
spectively along the x and y axes, and the amplitude 
factors r, s are normalized so that 


r|?4+ 


(3) 


|s|*==1., (4) 


For circular polarization r= 2~!, s=+2-4i, where the + 
sign is chosen in accordance with whether the polariza- 
tion is right-handed or left-handed, y, or y_. For a 
linear polarization along a direction m that makes an 
angle a with the x axis, we have r=cosa, s=sina. Let a 
beam so polarized be analyzed by an apparatus that 
measures polarization along the x and y axes. The 
polarization will be found to lie in the x direction with 
the probability cos’a, and in the y direction with the 
probability sin’a® 

This result has certain essential analogies to that of 
the spin measurement discussed in the previous section. 
For in both cases, we have a system that can be in 
one of two possible but mutually exclusive states. For 
the spin, these possibilities correspond to positive or 
negative spin in any chosen direction; and for the 
photon, they correspond to the two perpendicular 
directions in which the radiation oscillator can be 
excited. In both cases, when we analyze the wave 
function in terms of eigenfunctions corresponding to 
definite properties in some direction different from the 
original, we obtain a statistical fluctuation in the 
properties of interest. 

Let us now go on to the problem of the two photons 
moving in opposite directions. For this case, we define 
the creation operators C,*, and C\” for the photon 
moving in the direction +k and C,* and C,” for the 
photon moving in the opposite direction. The radiation 
field then has four possible wave functions 


Yi=Ci7Coo, Y2=C"Cro, 
V3 eC, % oo, Ws CyYCoo. 
The wave functions y,; and yz represent states of the 


combined system in which each photon is excited in a 
direction orthogonal to that of the other, while y; and 


(5a) 


(5b) 


®See W. Heitler, Quantum Theory of Radiation (Oxford Uni 
versity Press, Oxford, 1954), third edition, p. 269 
9Snyder, Pasternack, and Hornbostel, Phys 


(1948). 


Rev. 63, 440 
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Ws represent states of the combined system in which 
each photon is excited in the same direction as that of 
the other. These relationships will, however, be valid 
only for the particular system of axes xy that has been 
chosen for the representation of the eigenstates of the 
excitation energy of a single photon. 

If the polarization along another set of axes (x’y’) 
is measured, one will not in general obtain the same 
correlations in the excitation of the 
photons that was obtained in the original set of axes. 
To show what actually happens for this case, we must 
express the wave functions of (5a) and (5b) in a rotated 


directions of 


system of axes. We obtain 
vi=(C," cosa+Cy sina) (—C,*’ sina+C.” cosa)po 
sina ( osc ;' + sina cosanp 4’ + ( os*ap,’ sina’. (6) 


with similar expression for Yo, ~s, and yy [for example, 
¥2 is obtained by interchanging the indices 1 and 2 
in Eq. (6) }. 

It is clear from the above equation that in a rotated 
system of axes, the wave function y; no longer represents 
(as it did in the original system) a state in which the 
two photons have orthogonal directions of excitation. 
Rather, we see that it is possible for these directions 
either to be orthogonal or parallel. 

As we pointed out in the beginning of this section, 
however, the correct wave function for the experiment 
under consideration must be such that the two photons 
are excited orthogonally, no matter what the choice of 
xy axes is. It is well known that such a function is 
obtained by taking a suitable linear combination of our 
this the correct linear 


starting functions, In case, 


combination is 


1 1 
(Yi- 2) = — (CVC e” — CC oo. 
v2 v2 


di= (7) 


The above function still evidently represents orthogonal! 
directions of excitation for both photons. ‘To see that 
this property holds in everyzcoordinate system (x’y’), 
we need merely express ), in a rotated system of_axes. 
We obtain, after a simple calculation, 


(8) 


Thus, the function, ¢;, has the required property, and 
Eq. (8) therefore constitutes the correct wave function 
for this case. 

The other possible linear combination of y, and yy 
is the symmetric one 


1 
(CYC +C "C27 Wo. (9) 


V 


1 
pr (Yity2) 
v2 


As is well known, ¢; and @¢» are not mixed in a rotation, 
because the rotation operates symmetrically on the 
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wave functions of each photon. However, a similar 
calculation shows that on rotations, ¢2 leads to a linear 
combination of 2’, ps’, and W4’ ; so that a pair of photons 
in a State corresponding to @ will not have orthogonal 
excitations in another system of axes (x’y’). 

The wave function (7) for a pair of photons evidently 
resembles the wave function (1) for the spins of a pair 
of electrons. In both cases, we form a special linear 
combination of product wave functions, which guaran 
tees that the two particles will be in opposite states, 
in relation lo a group of rotated coordinate frames. In 
both cases, then, we have essentially the same puzzling 
kind of correlations in the properties of distant particles, 
in which the property of any one photon that is definite 
is determined by a measurement on a far-away photon. 
Thus, the paradox of ERP can equally well be tested by 
polarization properties of pairs of photons. 

As in the case of spin, the definite phase relations 
with which y, and yz are combined lead, not only to 
correlations of the type described, but also to detailed 
conservation of the total angular momentum, for each 
individual case. 

The experiment that we shall discuss here is aimed 
at testing whether there really is a correlation in 
polarization directions of the type described in the 
foregoing. ‘The ideal way to test this point would be to 
measure the polarizations of each member of a statistical 
ensemble of pairs of photons produced by positron 
electron annihilation; and to see whether the polariza 
tions are always perpendicular in every system of axes, 
ag predicted by the theory. But this is not yet possible 
in practice. Nevertheless, there has been done an 
experiment which, as we shall see, tests essentially for 
this point, but in a more indirect way. This experi- 
ment!’ consists in measuring the relative rate, R, of 
coincidences in the scattering of the two photons 
through some angle, 6, for the following two cases: 


(1) When the planes m,, and m, formed by the lines 
of motion of the scattered quantum and the original 
direction are perpendicular (g=90°, where ¢ is the 
angle between the planes). 

(2) When the planes are parallel (¢=0). 


These cases are illustrated in Fig. 1. The photons 
originate at the point, 0. 
In the first case, photon 1 is scattered by an electron 


in a block of solid matter at the point A, through some 


york 


Case 2 


in o plane perpendics 
te the paper 


Case 


hic. 1, Schematic representation of 2 nena for 
1Otons 


observing correlations between p 


” For a more detailed discussion, see C. S. Wu, Phys. Rev. 77, 
136 (1950) 
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angle, @ which we take to be in the plane of the paper. 
Photon 2 is similarly scattered at the point, B, through 
the same angle, #, but in a plane perpendicular to that 
of the paper. In the measurement, @ is fixed, and one 
counts the coincidences of photons. In case (2), the 
experiment is the same, except that both photons are 
scattered in the plane of the paper. 

We shall then consider the computation of the ratio, 
R, on the basis of two different hypotheses : 

(A) The usual quantum theory is correct in all cases, 
so that as we have shown before the wave function is 
given by the antisymmetric combination $,= (1/V2) 
X (vi-2). [See Eq. (7). ] 

(B) The usual quantum theory is correct only when 
the wave function of the photons overlap (or else when 
the photons interact appreciably). When the photons 
have separated sufficiently (as in the case of the experi- 
ment that we are considering) we suppose that the 
wave function is no longer a superposition such as (7), 
having definite phase relations of its components, which 
imply, as we have seen, the ERP type of correlations 
and a definite total angular momentum. Instead, we 
shall suppose that each photon goes into some definite 
state of polarization, which is definitely related to that 
of the other; and in order to obtain symmetry in the 
final statistical results, we shall suppose, wherever 
necessary, that there is a uniform statistical distribution 
over any direction that may be favored in each indi- 
vidual case. In order to bring out the consequences of 
such a hypothesis for the experiment under considera- 
tion, we shall consider here two extreme cases: 

(1) Each photon becomes circularly polarized about 
its direction of motion, but the two photons are op- 
positely polarized. 

(2) Each photon goes into a state of linear polariza- 
tion in some direction, while the other goes into a state 
of perpendicular polarization. Over many cases, one 
obtains the same probability for an arbitrary direction 
of polarization of any one of the photons. (It is evident 
that for the hypothesis B, the combined angular 
momentum would not be individual 
processes, but as we have indicated in the previous 
section, the fact that it is conserved on the average 
would be all that is needed to fit the experiments that 
are available to date.) 

To carry out the calculations needed to compare 
these suggested theories with the experiment, we shall 
cite the scattering cross section of a single photon from 
an electron; first for the case in which its initial po- 
larization direction is parallel to the plane m (containing 
its initial direction of motion and its direction after 
scattering) and secondly, for the case in which its 
initial polarization direction is perpendicular to 1. 
According to the Klein-Nishina formula, these proba- 
bilities (which have been summed over the final 
polarization directions of the photon, and the final spin 


conserved in 


" See W. Heitler, reference 8, p. 217. 
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TABLE I. Relative probability of coincidences in the Compton scattering of annihilation photons for the two geometries of Fig. 1 


Seattering probability 


Hypothesis Lal 


A (standard) 2y(y—2 sin) 
B, (product of states of opposite 
circular polarization) * 


Bz (product of states of perpendicular linear (2y*—4y sin¥+ sind 


polarization, randomized directions) 
Binter (intermediate case of elliptic 
polarization) 
Observation (reference 10) 


* Equal probability for xi =~, (1)~—(2) and for x v-(1)¥,(2) 
directions of the electron, and averaged over the initial 


spin direction), are, respectively, 


do = }r7'dQ(k?/ ko") (y—2 sin’8), (10a) 


do» Pr ydQ(R? ko"), (10b) 


where y= (ko/k)+(k/ko), Ry is the wave number of the 
incident photon, & that of the final photon, ro is the 
classical electronic radius, and dQ is the element of 
solid angle. 

We can now apply these results to our problem, in- 
volving two photons going in opposite directions. For 
the general case, the wave function before scattering 
must, in such a problem, be a linear combination of 
the four possibilities, 


ai, (11) 


where the y; are defined in Eqs. (5a) and (5b). 

It is evident then that the scattering cross section 
for two photons will depend on the a;. In general, we 
would expect that the probability of such scattering 
would contain cross terms such as aja; where 14}. 
For the special case of the experiment that we are 
considering (i.e., the planes m; and my, are either parallel 


or perpendicular), it can be shown,’ however, that if we 


choose the x axis in the plane m associated with either 
one of the photons (and the y axis perpendicular to this 
plane), then all such cross terms will drop out from the 
expression for the probability of scattering. With this 
choice of axes, then, we can compute the probability 
of scattering of two photons for an arbitrary state of 
the system in Eq. (11) by computing it separately for 
the four cases, y; and multiplying the result of each 
computation by the probability of this case, (|a,\*). 
For each case, p;, however, this probability reduces to 
just the product of the probabilities of scattering of the 
single photons. 

Calculating the scattering probabilities as just out- 
lined, we obtain the results summarized in Table I. 

The results in Table I show that this experiment is 
explained adequately by the current quantum theory 
which implies distant correlations, of the type leading 
to the paradox of ERP, but not by any reasonable 


parallel we 


d> unaffected by orientation of m, relative to me 


The correct 


Ratio R «dz, /dzi 


For ideal 
angle 
82 


¥ j ‘ (2)2( b+ kat \verage for ex 
dd divided by (rot/8)(d22)2(k4/ ko perimental solid 


x: perpendicular ingle 


2.00 
1.00 


(y—2 sin”)?+ 7? 


#4? sin’#-+- 3 sin?) ~1.5 


Intermediate between B,; and By ex <i.3 


2.0440.08 
wave function according to standard quantum theory is 2 


hypotheses implying a breakdown of the quantum 
theory that could avoid the paradox of ERP 


APPENDIX. TREATMENT OF ERP PARADOX FOR 
CONTINUOUS VARIABLES 


In this Appendix, we shall discuss the paradox of 
ERP, as applied to continuous variables. We shall see 
that with such variables, it is very difficult to obtain a 
clear experimental test for this paradox, thus showing 
that the best way of making such a test is with dis 
crete quantities, such as spin of electrons or polarization 
of photons. 

We may take as a typical example a case similar to 
one already discussed by Furry,‘ namely, an experiment 
in which one particle is scattered on another. To avoid 
questions of identity, we suppose that the two particles 
are different. 

If particle 1 is initially at rest, and particle 2 has 
initially the definite momentum, P, the wave function 
for the system is then’ 


exp 


where 
Por 


I(r)=exp{1 g(9). 
h 


In principle, we can measure P, after scattering, and 
we know from that P, 
P—P,. But we also have the alternative possibility 


to a 


conservation of momentum 
of using a suitable lens to bring particle No. 2 
focal point; and from this, we can deduce where the 
point of scattering was, and therefore where particle 1 
was at the time of scattering. Thus, by measurements 
made solely on complementary properties of particle 2, 
we can determine the corresponding properties of 
particle 1, without any interaction between the particles 
or between the observing apparatus and particle 1, 

In order to avoid for this case the paradox of ERP in 
a manner analogous to what was suggested for spin and 
polarization in Secs. 2 and 3 respectively, we could 
assume that after the particles which have scattered on 


2D, Bohm, reference 3, Chap. 21, Sec. 24 
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each other separate sufficiently, the wave function 
breaks up into narrow wave packets. There would be a 
small indeterminacy, M@ in the angles of these packets 
and a corresponding indeterminacy, APs in the mo 
mentum in the @ direction, The wave function would 
be W(riro)=falri)fn(re) where fa and fg represent 
packets whose centers move in accordance with the 
assumptions given above. 

We then assume a statistical distribution in the mean 
directions of these packets, weighted in such a way as 
to give the usual probability of scattering as a function 
of angle. Thus, from measurements of the scattering 
cross section as a function of angle, one could not dis- 
tinguish between the theory and the usual quantum 
theory. 

-Yin such a statistical distribution over pencils of 
directions, the total momentum is not conserved ex- 
actly [as is evident from the Fourier analysis of a 
function, such as f(r) f(r2) |. But because we can choose 
Aé small compared with macroscopic dimensions and 
yet so large that APs is negligible, this very small failure 
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of detailed conservation of momentum would be too 
small to have been detected in experiments that have 
been possible to date (of course momentum would still 
be conserved on the average). Thus, to test for the 
paradox of ERP in this case, one needs extremely ac- 
curate measurements of the momentum of both par- 
ticles before and after scattering. 

At first sight, it might seem that one could dis- 
tinguish between the two theories by trying to demon- 
strate interference of the scattered wave of a single 
particle, in order to show that the wave covers the 
whole range of angles without being broken into partial 
waves of width A@. But this is not possible, because, as a 
simple calculation shows, interference phenomena will 
cancel out for a single particle (i.e., when one averages 
over the coordinates of the other particle). Interference 
in space can be obtained only if the positions of both par- 
ticles are observed with great precision; and as in the 
case of testing the detailed conservation of momentum, 
the experiments available to date are not accurate 
enough to distinguish between the two theories. 
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Parity Nonconservation and the Group-Space of the Proper Lorentz Group 


E. J. Scuremp 
Nucleonics Division, United States Naval Research Laboratory, Washington, D. C. 
(Received July 1, 1957) 


\s a means of incorporating isotopic spin into the foundations of the theory of spin 4 particles, a slight 
modification of the free-particle Dirac equations has previously been proposed which follows from a con 
sideration of the group-space of the proper Lorentz group. Further considerations of the group-space 
suggest two additional modifications which may contribute, in a mutually complementary way, toward 
establishing a new symmetry principle applicable to parity-nonconserving interactions. 


N a recent note,' there was indicated a natural and 

irreducible way of incorporating isotopic spin into 
the foundations of the theory of spin 4 particles. For 
that purpose, the solutions yy of the Weyl form of the 
free-particle Dirac equations,’ 


Oavy+i(mc/h)ps =9, (1) 
where 

Oy 
and éo, €1, é2, és are the quaternion units in a 2X 2 matrix 
representation, were considered to be a pair of general 
complex quaternions, rather than the usual pair of 
2-component spinors, The resulting 8-component spinor 
wave function Y, was then taken to represent the super 
position of two different states of isotopic spin 4, with 
the respective 4-component spinor wave functions 


Vas ¥4.(eot 1€3)/2, 


V4 V4 (eo- 13) Z: (3b) 


'E. J. Schremp, Phys. Rev. 99, 1603 (1955 
2H. Weyl, The Theory of Groups and Quantum Mechanics (E. P. 
Dutton and Company, Inc., New York, 1931), p. 213, Eqs. (5.6) 


690/029 1(€,0/Ax' + 020 /0x*+-e30/0x*), (2) 


(3a) 


The present note deals with two further modifications 
of JEqs. (1), suggested, as the previous one was, by 
considerations of the group-space of the proper Lorentz 
group.’ These modifications are: (A) that the original] 
2X2 matrix representation of the quaternion units 
€0, €1, 2, €s be replaced by a regular 4X4 matrix repre- 
sentation’; and (B) that the differential operators D+ 
be replaced by e**“()z, where u is a real parameter.® 

Through modification (A), which effects the simpli- 
fication® 0,4°=O,, the mutual symmetry of the 
operators e*?*(]+ becomes subsumed under the opera- 


*E. J. Schremp, Bull. Am. Phys. Soc. Ser. IT, 2, 191 (1957). 

‘E. J. Schremp, Naval Research Laboratory Quarterly Report, 
January 1956 (unpublished), pp. 6-13. 

* E. J. Schremp, Naval Research Laboratory Quarterly Reports, 
July 1956 (unpublished), pp. 17-20, and January 1957 (un 
published), pp. 9-17. In these reports, as also in the present paper, 
u is understood to be a function of the space-time coordinates 
«, x, a*, x. The special case 4=constant is equivalent to a 
proposal just recently made, with a similar physical objective in 
view, by K. Nishijima, Nuovo cimento 5, 1349 (1957). 

*In taking the complex conjugate, denoted by the superscript 
C, it is here understood that the quaternion units éo, ¢1, é2, és are 
real, in accordance with modification (A). 
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tion of complex conjugation, which now represents, in a 
generalized sense, the operation of space inversion. 
Modification (A) further makes possible the definition 
of a unique gradient operator 0 =O, (with O°=(D_), 
thus resolving a long-standing difficulty in introducing 
into spinor field equations a simple spinor operator 
that corresponds to the 4-dimensional gradient.’ 

The mathematical generalization of Eqs. (1) to the 
form 


ete ay, +i(mc/h)px =0, (4) 


resulting from modification (B), is such that for constant 
values of w the second-order wave equations for Wy, 
remain unaltered, the solutions of Eqs. (4) being de- 
rivable from those of Eqs. (1) through the simple 
substitution 


Vier. (9) 


In 4-component spinor notation, this substitution 


becomes® 
(60) 


where 
(7) 


is a 4X4 unitary matrix. Consequently, the simul- 
taneous application of this substitution to any pair of 
4-component spinor wave functions ¥, and y, does not 
alter their scalar product in Hilbert space: 


(Wa Wr (Ua, Us) = (Wao). (8) 


On the other hand, the same substitution induces in the 
scalar and pseudoscalar quantities’ 


t=yly, 
n=iW'y, 


(9a) 


(9b) 


a real rotation 


&£ cos2u—n sin2y, (10a) 


n—é sin2u+n cos2y, (10b) 


7 Concerning this difficulty, see, e.g., R. H. Good, Jr., Phys. Rev. 
105, 1914 (1957). 

*In Eqs. (6)-(11), the symbol y refers to Y,, or to Wy , but 
not to the 8-component spinor y,. An extension of the usual 
4-component spinor formalism, capable of handling the latter, 
will be presented elsewhere. 

®* To denote the adjoint, we use the superscript dagger (t) in 
preference to the more conventional bar (~), reserving the latter 
symbol for another use to be made subsequently 


leaving invariant the real positive scalar 


p=(2+7')}, (11) 
which represents the particle rest density." 

In particular, when p=2/2 the application of the 
above substitution to all neutrino wave functions, if 
accompanied by the constant phase transformation 
yey, yields a generalization of the invariance pos 
tulate recently proposed by Salam" as a basis for a 


parity-nonconserving theory of neutrino interactions. 


Similarly, when applied instead to all electron or muon 
wave functions, the same combined substitution yields 
a generalization of an alternative proposal recently 
made by Feynman.” 

In its general form, the substitution (5) embodies a 
one-parameter continuous group of imaginary gauge 
transformations, to which we have previously called 
attention.” With this imaginary gauge group one may 
associate, for example, a characteristic pseudoscalar 
“charge,” just as one ordinarily associates with the 
electromagnetic gauge group a scalar electric charge. 
From this point of view, the current experimental 
evidence for parity nonconservation might be regarded 
as evidence for the possession of such intrinsic pseudo 
scalar properties by certain elementary particles.4 For 
spin 4 particles, as just seen, modification (B) provides 
a simple and natural transition to such a theory by 
enlarging the underlying group of the c-number Dirac 
theory through the incorporation of the above im 
aginary gauge group. The resulting theory is then in 
variant with respect to a new symmetry operation, more 
far-reaching than the conventional space inversion, and 
best described through modification (A) as the opera 
tion of complex conjugation. 


We have previously called this quantity the particle’s 
“coethicient of probability ot phase” -see . J. Schre mp, Phys. Rev 
$8, 161 (1952). Its role in the Dirac theory has subsequently been 
examined by T, Takabayasi, Nuovo cimento 3, 233 (1956) 

1 Abdus Salam, Nuovo cimento 5, 299 (1957 

”2R. P. Feynman, Proceedings of the Seventh Annual Rochester 
Conference on High-Energy Nuclear Physics (Interscience 
Publishers, Inc., New York, 1957) 

4. J. Schremp, Phys. Rev. 85,721 (1952 
approach, involving conformal models of space-time, these gauge 
transformations have been encountered independently by I 
Giirsey, Nuovo cimento 5, 154 (1957) 

4 Tn this connection, see also reference 3 above 


By a rather different 
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New Dispersion Relations for Pion-Nucleon Scattering 


Wa.Lrer GILBERT* 
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 


Received August 5, 1957) 


New relations expressing the imaginary part of the scattering amplitude as a coupling constant term 
and an integral over the physical spectrum of the real part of the amplitude are developed. These relations 
are applied to compute the meson-nucleon coupling constant from the experimental] phase shifts, yielding the 
value {? = 0.084, and are used to compute the s-wave scattering lengths from the p-wave data 


INTRODUCTION 


W* shall develop a new, more convergent form for 
the dispersion relations for meson-nucleon scat- 
tering. These relationships will express the imaginary 
part of the amplitude in terms of a coupling constant 
term and an integral of the real part of the amplitude 
in the physical region. These new relations differ from 
the conjugate Hilbert transforms that connect the 
imaginary part of an amplitude to an integral of the 
real part in that the integrals are restricted to the 
experimentally accessible region above the threshold. 
These expressions have an additional convergence 
factor, the reciprocal of the laboratory momentum, and 
so provide relationships between the phase shifts less 
dependent upon the high-energy behavior of the theory 
or upon additional constant terms than the usual dis- 
persion relations. We shall make two applications of 
these new relations: a coupling constant determination 
and a computation of the s-wave scattering lengths. In 
this paper we shall restrict ourselves to the dispersion 
relations for scattering into the forward direction, 
although the argument could be applied to the more 
general relations off the forward direction. 


DISPERSION RELATIONS 


Many authors have given the dispersion relations 
applicable to meson-nucleon scattering.’~® We shall 
collect in this section the relations and the formulas that 
we shall need. The invariant 7 matrix for the pion 
nucleon scattering process, considered as a two-by-two 
matrix in the nucleon isotopic spin space, we divide 
into two parts, even and odd, in the meson isotopi 
indexes, 


T =5ap7T*+}[ 10,78 T°. (1) 


* National Science Foundation Predoctoral Fellow 

'M. L. Goldberger, Phys. Rev. 99, 979 (1955) 

? Goldberger, Miyazawa, and Oehme, Phys. Rev. 99, 986 (1955) 

§A. Salam, Nuovo cimento 3, 424 (1956), and A. Salam and 
W. Gilbert, Nuovo cimento 3, 607 (1956) 

‘R. Oehme, Phys. Rev. 100, 1503 (1955) and 102, 1174 (1956). 

®*R. H. Capps and G. Takeda, Phys. Rev. 103, 1877 (1956) 

© We take h=c=1 and use a timelike metric. pp’ is the invariant 
product of two four-vectors. We are considering the scattering of 
a nucleon of mass «x, four-momentum fp’, by a meson of mass yp, 
four-momentum gq’, and isotopic spin 8. The final state is charac 
terized by p, g, and a. The nucleons are described by Dirac spinors 
u(p) obeying the equation (yp—«)u(p) =0, iu = 2x. In calculations 
we take «6.74 


These even and odd amplitudes are related to the 
isotopic spin decomposition of the T matrix by 


T° 
T° 


(2) 


where the superscripts “1”? and “3” refer to the T=} 
and T=} states, respectively. We shall separate out 
the nucleon spin dependence of the 7 matrix as 


T (p,p',q) = a(p)ulp’) f( pp’ pq) 
+i(p)yqulp’)e(pp’,pq) (3) 


on the energy shell. The two invariant amplitudes, / 
relations. The 
g amplitude is, to the order of y’/x’, the spin-flip 
amplitude, and since the r meson is pseudoscalar, the 
bound-state terms involving the coupling constant occur 
only in the dispersion relations for the g amplitude. We 
need only the relations in the forward direction, which 
we take to be, using 2 for pq/xu, the laboratory energy 
of the meson divided by the meson’s mass: 


and g, separately obey dispersion 


dz 
Re (°(2 Im [{°’(z), 


2dz 


Im g’(z), 


x 


zdz Im f*(z) 


2) (2?— 2’) 


Re g*(2) : 


Im g*(z). (7) 
Here 6 
larity, and G is the renormalized, unrationalized pseudo- 
scalar coupling constant. We shall also use the ration- 
alized pseudovector coupling constant 


u/2kx, the position of the bound state singu- 


fP=¥ ge =VC/4n. (8) 


We need to know the relation between this invariant 
decomposition of the scattering amplitude and the 
usual phase-shift expansion. We shall introduce direct 
and spin-flip amplitudes as, in the center-of-mass 
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system, 


pn 
‘A (9) 
K 


where @ is the angle of scattering in the center-of-mass 
system, # is a unit vector perpendicular to the plane of 
scattering, 7 is the center-of-mass momentum divided 
by the meson’s mass, and E£ is the total center-of-mass 
energy. We shall also use the symbol 8=po+x, the sum 
of the nucleon energy and mass in the center-of-mass 
system, and a=E+x. Then we have the algebraic 
relations 


T= D+10-fi sno( 


E= (+ pt 2Kuz), 
BE=k(a+uy2), 


(22-—1) x=. 


If the spinors in (3) are specialized to the center-of-mass 
system, the invariant functions f(z) and g(z) can be 
related to the direct and spin-flip amplitudes : 


a 
D(z) —y2S(z), 
2B 


[(2)= 


g(z)=LD(z)/2BE ]+S(z). 

The phase-shift expansions for the direct and spin-flip 
amplitudes may be determined from the unitary con- 
dition on the invariant 7 matrix. In the forward direc- 
tion the expansions are, with our normalization, 


&rk J 
> (lar+ (1+ 1)azr, |, 
yn f= 


D(z) = 


Sak « 
S(z) > (ai-— ay) 
pn? le] 2 


l(l+-1) 
js (14) 


Here a1, is e” sind for the state 7 =/+}4 if the scattering 
is elastic. We shall normally cut off these expansions 
after the p-wave terms and assume that the scattering 
is elastic at all energies of interest. We use the usual 
notation for the s and p waves, a, and ay, referring to 
e” sind for the T=4 and 3 s waves, der,.y for the 
p waves. We shall use a superscript “0” to denote the 
scattering lengths, taking the low-energy behavior of 
the phases to be 6~6"n for the s-waves and 6~6%y} for 
the p waves. 
The optical theorem is, with this normalization, 


Im D=2ynko, (15) 
or for the even and odd isotopic index amplitudes : 
Im D (16) 


Im D° 


unk (at+o~), 
unk(a~ —a*), (17) 


ot and o~ being the total cross sections for the scattering 
of positive and negative pions off protons. The rela- 
tions (4) and (5), (6) and (7) may be combined using 
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(10), (11), and (12) to yield Goldberger’s'” relations for 
the direct amplitude: 


22bG" 
Re D?(z) 


22°C" 
b?)(1— 06") 


sdz Im D*(z) 
(19) 


The dispersion relations that we have written are con 
sistent with the assumption that the cross sections o* 
and o become constant and equal at high energies and, 
further, that the spin-flip amplitude vanishes at high 
energies. That the cross sections become constant and 
the spin-flip amplitude vanish would follow from the 
existence of a finite range for the interaction and the 
interaction becoming completely inelastic at high 
energies. 
NEW RELATIONS 


Now we shall develop a more convergent form of the 
dispersion relations for each of the amplitudes intro 
duced in the previous section, basing our arguments 
on the form of the usual dispersion relations for these 
amplitudes. We shall only discuss the forward direction, 
but a similar development could be made for the 
general case. Consider, as an example, the function 
g*(z). We have previously written relation (7) for this 
function which corresponds to the following properties : 


(1) g*(z) is analytic in the upper half of the complex 
z plane, 

(2) g*(z) is less than 2 at infinity in the upper half of 
the complex plane, 

(3) the real part of g*(z) is an odd function on the 
real axis, the imaginary part of g*(z) is an even function 
on the real axis, and 

(4) Im g*(z) is zero on the real axis for 1<z<1 
with the exception of a delta-function contribution 
b)+6(2-+b) |. 


} 


bar (G"/xy)| (2 

We consider the function g*(z)/(z’—1)!. By (2?—1)! we 
mean that branch of the function that is analytic in 
the upper half plane, positive for z real, z>1, negative 
for z real, z<—1, and positive imaginary for z real, 
1<z<1. The imaginary part of this function is posi 
tive in the upper half-plane, and the function has no 
zeros above the real axis.’ This function is just the 
dimensionless laboratory momentum of the incoming 


’ We limit our discussion of the behavior of these functions to 
the upper half-plane as a matter of convenience; all of these 
functions are analytic in the entire plane with cut lines along the 
real axis from +1 to +”. The behavior of these functions on the 
real axis is always understood to be the behavior as a limit from 
the upper half-plane 
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meson. Now the quotient function, g*(z)/(2*—1)4, will 
have these properties 


(1) it is analytic in the upper half-plane, 

(2) it goes to zero at infinity, 

(3) the limit of the function onto the real axis from 
above has an even real part and an odd imaginary part, 
and 

(4) the real part of this function is zero between 
z 1 and z=1 on the real axis with the exception of 
two delta-function singularities, the real part of this 


function being Im [ g*(z) ]/(1—z)! in this region. 


From the boundedness and symmetry properties we 
can write, using Cauchy’s theorem, 


g*(z) ° 2 ao g‘(z) 
Im | | pf ke| | (20) 
(z—1)! " o *-F (2—1)! 
in which Im[ | and Re[{ | mean the imaginary and 
the real parts of the limit on the real axis from above 
of the analytic function inside the brackets. No trouble 
arises when the contour of integration is brought to the 
real axis. The integration is to be thought of, at first, 
as including semicircles above the points z= +1. The 
contribution of these semicircles vanishes as the radius 
shrinks to zero, since the singularity in 


Re [ g*(z)/(2—1)! | 


at z= +1 is integrable. Using the relation between the 
real part of g*(z)/(2*—1)! and the imaginary part of 
g*(z) in the nonphysical region, we have: 


g*(2) 
Im 
(7? 


dz 
oa : 


Re g*(z) 


GC 


B ku(1—b*)) 


The left-hand side of this relation is 


Im [ ¢*(2) |/(2@—1)! for Z>1, 


and 
z*)! 


Re [ g*(Z) |/(1 for 0<2<1, 


There is an infinite discontinuity in this relation as the 
threshold is approached from below, since Im g*(z) 
goes to zero as n at threshold while Re g*(z) is a constant 
in the neighborhood of the threshold. 

Similar relations can be written for the other ampli- 
tudes. We introduce the symbol = (2*—1)! and drop 
the factor (1—6*)' that occurs in the bound state 
terms. Then some of the other possible relations are 


g’(2) P Ps Ke 
Im . nae 


(22) 


ae 
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and 


f*(2) 2 * wz Ref*(z) 
im| | - rf ; 
& T 1 2 —7 é 


s 


(23) 


where we do not have to perform a subtraction in order 
to obtain convergence provided that the f*(z) amplitude 
is less singular than 2z at infinity. The /’(z) amplitude 
obeys relation (21) without the bound-state term. For 
the direct amplitudes we have: 


D°(2) 
Im| - | 


dz Re D(z) 2 
pf , : 
ot 


J; £—F 3 ?—b 


D*(2) D*(2’) 
im| — |-amf - 
E ¢! 


-2bG?, (24) 


2?C’ 


(2*— b*) (2 —b) 


2dz Re D*(z) 


’ (25) 


3*) (2? — 2/2) t 
or, in terms of cross sections, using (16) and (17), 2>1, 


dz Re D’ 


The integrals over the real parts of the amplitudes 
would be difficult to handle near threshold, since the 
integrand is so singular there. The integrands can be 
modified, however, to remove either the principal-part 
singularity or the singularity at the threshold. Since é 
has the analytic properties mentioned earlier, the fol- 
lowing integral is an immediate consequence of Cauchy’s 
theorem: 


Pf 
1 2 ae 2 


We shall use this and similar integrals to isolate the 
dominant contributions to these singular integrals when 
we apply these new relations. 


0 for Z>1 
-| (28) 


1/(i—#)* for Z<1. 


COUPLING CONSTANT DETERMINATION 


The new relations are more rapidly convergent than 
the usual ones and therefore are better adapted for the 
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analysis of the experimental data since the high-energy 
effects can be neglected. Of all the relations, the new 
relation (21) for the even-isotopic-index spin-flip am- 
plitude is best suited for the determination of the 
coupling constant. The relation is rapidly convergent. 
The coupling constant is weighted with a large factor 
with respect to the phase shifts, being given essentially 
additively rather than as a difference of experimental 
quantities. We shall use relation (21) at threshold. In 
this limit, the dominant contribution from the integral 
arises from the neighborhood of the singularity. We use 
the fact that 


2 » @& 1 
lim pf -—s 
z-l+ 7 1 (z?— 2°) 2k 


which follows from (28), to reduce the singularity. Thus 
(21) becomes 


—1, (29) 


G Im g*(2) 
+ Re g*(1)=lim : 
KU 2-1 { 


2 f* dz 1 
t f Re g*(z)—— Re rw] (30) 
Wwe) #8 2 


No difficulty arises from the limit of the principal-part 
function since the integral, after the subtraction, has an 
integrable singularity at threshold. The term arising 
from the imaginary part of the amplitude is related to 
the square of the s-wave scattering lengths. It is 


Im g*(z) an 
lim 


zl £ 


[ (81°)? + 2(63°)? |, 
3u(k+p) 


which is about 0.1% of the coupling constant term, if 
one uses Orear’s values for the s-wave lengths.® Since 
the contribution to g*(z) from the direct amplitude is 
about one percent, we shall ignore it, although it could 
be taken into account using (12). The integral is rapidly 
convergent; dropping all higher waves in g*(z), we 
rewrite (30) as 


3 f? = 533° — 531° +4 (613° — 11") 
re [Asa —ait4h (is Ai) |, 


1 (Fr =) 
a 1 #8 n® Zz 
We shall evaluate the coupling constant using the 


Anderson fitted phase shifts.’ See Table I. The con 
tribution from the scattering lengths is 


(31) 
in which 


(32) 


3°-~0.301, 


* J. Orear, Phys. Rev. 101, 288 (1956) 

*H. L. Anderson, Sixth Annual Rochester Conference on High 
Energy Physics, 1956 (Interscience Publishers, Inc., New York, 
1956) 
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TABLE I. The scattering lengths, 6°, and the integrals, A, 
defined by (32) based upon the p-wave phases given by An 
derson.* 


State Cad A 


33 0.248 0.0404 
31 0.042 0.0060 
13 0.0048 0.0029 
11 0.0175 0.0033 


® See reference 9, 
0.050, resulting 


and the correction from the integral is 
in a value for the coupling constant, 


f?=0.084. 


In this determination, the 33 state contributes 83% 
and the 31 state, 14%. An alternative, but less con 
vergent, way to calculate the coupling is to use the 
usual dispersion relation for g*(z), (7), which we write 
analogously to (30) 


Oa 2 . dz 
+ Re g*(1) f Im g*(z). 
1 


Ku T 
Only the 33-state contribution to the integral is im 
portant. This yields 


3f? 


Both of these values for the coupling constant are in 
good agreement with the value found by Haber 
Schaim,” f?=0.082. Our result is less than the value 
f?=0.10 found by Davidon and Goldberger" using the 
same phases and a combination of relations (5) and 
(7). The relation we have used, however, is more con 
vergent than theirs by a factor of 2 and gives the 
coupling constant essentially additively in terms of the 


0.301—0.052 or f*=0.083. 


experimental data, 

Another way to compute the coupling constant 
would be to modify Eq. (21) so that it could be used to 
represent the experimental data as a straight line whose 
intercept would be the coupling. This would also 
provide a check on the consistency of the data, Equation 
(21) can easily be brought to the form: 


CG 2 "as 
+2] Re g*(1)— f x (z) 
KU Hn ' £3 


2 2 . ge 3 
Im g*(2)+4 ze [ {x9 
g Qn ' eB # 


where 


x(2)| (33) 


1 
x (z) = Re g*(z) Re g*(1). 


 U. Haber-Schaim, Phys. Rev. 104, 1113 (1956) 
4 W.C. Davidon and M. L. Goldberger, Phys. Rev. 104, 1119 
(1956) 
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If the right-hand side of (33) were plotted against 2’, 
the data should fit a straight line. Alternatively, we 
could use the fact that the threshold value of Z/£ Im g*(2) 
is insignificant compared to the coupling constant term 
and plot 


G 2 
Im g*(2) 
Ku Si 


which should be a constant 


S-WAVE SCATTERING LENGTHS 


We shall now use these new relations to calculate the 
s-wave scattering lengths from the p-wave phase shifts. 
More exactly, given that the s waves are small, we 
shall show that they can be approximately calculated 
from the p waves alone, but that if the experimental 
data about the second maximum in the pion-nucleon 
scattering cross section, the 7 = 4 maximum, is used, the 
scattering lengths can be calculated quite accurately. 
We shall not have to make any very extreme assump 
tions about the high-energy behavior of the theory; we 
need only the assertion that the cross sections for the 
scattering of positive and negative mesons by protons 
approach the same value at high energies. We use the 
two relations for che odd-isotopic-index direct scattering 
amplitude specialized to threshold, Relation (18) yields 


5 ou ” dz 
2+ J Im D’, 
4 x«tuy, # 


and the new relation (24) yields 


$3 * dz ReD 
lim rf 
dr? k 2-14 1 v—-e ¢ 


x 


(35) 


(6,°)? — (63")? Oy i 
(36) 


Expression (35) can be used to compute the difference 
of the s-wave scattering lengths, and this difference 
along with the experimental p-wave phase shifts, can 
be inserted into (36) to compute the sum of the scat 
tering lengths. 

Equation (35) was used by Goldberger, Miyazawa, 
and Oehme? to calculate this difference of scattering 
lengths from the experimental cross sections. Since the 
s waves are small, they and the small p waves may be 
neglected under the integral in (35). Exhibiting the 


rapier IT. The s-wave scattering lengths computed from values 
of the coupling constant, an integral, A, over the p-wave phases, 
and the difference of scattering lengths using Eq. (39) 


/? 4 


O.315 
O.315 
0.315 
0.350 


0.084 
0.082 
0.084 
0.084 


GILBERT 


important contributions to the difference, we have 
dz E sin’b33 


U] 


4?” K+ 


where the integral is to be extended over the second 
maximum in the pion-nucleon cross section. The first 
term in the Born approximation, in pseudoscalar 
theory, for the difference of the scattering lengths. For 
a coupling constant /?=0.084, it is 0.44. The p-wave 
integral is the dominant correction to the Born approxi- 
mation. If this is integrated using Anderson’s’ values 
for the 33-phase shift along with the experimental 
values of Mukhin and Pontecorvo"’ above the resonance, 
the result is 6;°—6,°=0.20 The contribution from the 
T=} maximum brings this value up into agreement 
with the experimental value*® 6,;°—6,°=0.27. Turning 
to the second relation, we see that a large part of the 
integral comes from the neighborhood of the singularity. 
We modify the integrand to eliminate this singular 


behavior. Since 
* dz 
rf =f, 
1 2? _ z t 


we can subtract the threshold value of Re D° from the 
integrand: 


lim 
2-+14 


2K+h 
6 [*+ (6,° 


Ww K 


(64°)? — (63°)? 63") 


3 up f*dz 
f [Re D°(z)—Re De(1) |. (38) 
tar? 1 & 


An’ k 


To the extent that the s waves are small and linear in 
the momentum, this subtraction takes into account, 
within 10%, the s-wave contribution to the integral. 
The rest of the integral may be approximated by the 
p-wave terms. The sum of the s-wave scattering lengths 
is then 


2xtp A-6f? 
(39) 


where 


[2 sin2dss + sin 264, 


2 sin26;3;—sin26,; |. (40) 
Using the Anderson phases,’ A may be evaluated 
numerically, yielding A=0.315. Various values for the 
scattering lengths are collected in Table Il. The first 


#2 A. 1, Mukhin and B. M. Pontecorvo, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 31, 550 (1956) [translation: Soviet Phys. (JETP) 4, 
373 (1957) 
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and second lines are in good agreement with Orear’s 
values,® but the scattering lengths are sensitive to the 
coupling constant. The third line of Table IT uses the 
p-wave approximation for the difference of the lengths, 
producing rough agreement. The small p waves do not 
influence the qualitative picture. In line four, only the 
33-phase shift is assumed to be different from zero, 
4=0,350, and the scattering lengths are in qualitative 
agreement with experiment. 
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We should point out that for the first relation to 
hold, ot —o~ must vanish at high energies. For the new 
relation (35) to hold, all that is required is that the 
cross sections become constant at high energies or, 
more weakly, that neither the real nor the imaginary 
part of D°(z) increases as fast as 2’. The significance of 
this calculation is that a large part of the s-wave scat 
tering may be treated as a relativistic effect induced by 
the p-wave interaction. 


NUMBER 4 NOVEMBER 


Meson-Meson Interaction in the Bethe-Salpeter Approximation 


A. N. MITRA 


AND R. P 
Department of Physics, Muslim University, Aligarh, 


SAXENA 
P., India 


(Received February 25, 1957) 


The w-m interaction is studied in the Bethe-Salpeter approximation by first obtaining the “effective” 
interaction Hamiltonian with the help of the lowest order S matrix for w-w scattering. This Hamiltonian is 
then used to set up a Goldberger-type integral equation for r-m scattering which is solved for the cases of 
total isotopic spins / =0, 2, assuming the mesons to be in s states with respect to each other. It is found 
that the interaction in the state /=0 is too strongly attractive to give a resonance. On the other hand, a 


resonance is obtained for the case / = 
each meson, taking G?/4r=15.5 


1. INTRODUCTION 


HE concept of meson-meson interaction (which 
can be pictured as taking place through virtual 
nucleon pairs) is almost as old as that of the more 
fundamental meson-nucleon interaction. However, un- 
like the latter which can be realized directly by means of 
a meson-nucleon scattering experiment, the former 
finds only indirect verification by the effect it produces 
on a system consisting of two or more mesons, since it 
is not possible to conduct any direct experiment for 
scattering a meson beam by another. One of the most 
important processes in which m-m interaction plays an 
indirect role is one involving scattering of mesons by 
nucleons, if it is remembered that a nucleon is always 
“dressed”? with its own meson field which the incident 
meson beam has to encounter. Strong resonant inter 
actions of the meson beam with the meson-cloud of the 
nucleon were in fact suggested phenomenologically by 
Dyson! and Takeda’ as possible interpretations for the 
second maximum in m~-p scattering near 1 Bev. Earlier, 
Mitra and Dyson* had suggested an attractive m-m inter- 
action as a possible explanation for the anomalously 
small (in magnitude) and negative s-phase shift in the 
T=} state of the r-p system. Strong w-m interactions 
have also been suggested by a number of investigators 
in various other connections. 
Though the importance of the w-mr interaction in 


1F. J. Dyson, Phys. Rev. 99, 1037 (1955) 


2G. Takeda, Phys. Rev. 100, 440 (1955). 
3A. N. Mitra and F. J. Dyson, Phys. Rev. 90, 372 (1953) 


=2 at a momentum (in the center-of-mass system) k~93 Mev/c for 


influencing various physical phenomena has been 
generally recognized, a field-theoretical treatment of 
this interaction has hardly received any attention so far 
It is at least clear that a perturbation treatment is 
hopelessly inadequate for the purpose. Among non 
perturbation methods, the moderate amount of success 
of the Tamm-Dancoff approximation in its application 
to meson-nucleon scattering ( at least in the “low” 
energy region, 0-200 Mev) has partially encouraged 
the belief that this approximation is perhaps fairly 
reasonable in the low-energy region. It is therefore of 
interest that the w-m interaction be also investigated in 
this approximation, at least for small relative momenta 
of the pions. However, a ‘Tamm-Dancoff treatment for 
this problem has the disadvantage that a large numbe 
of intermediate states are involved in the equation con 
necting the various Tamm-Dancoff amplitudes, viz., 
one must consider all the states which can be reached 
from the (0,2) state by two sleps of the interaction 
Hamiltonian, unlike the situation in the pion-nucleon 
scatterings where only one step of the interaction 
Hamiltonian was necessary. A second disadvantage of 
the Tamm-Dancoff treatment for{a-m interaction is 
that 
separation of the well known primitive divergence 


its noncovariant nature prevents a clear-cut 


‘ 


associated with the “contact”? meson-meson interaction 
(the so called meson-meson divergence in the pseudo 


scalar theory). To avoid these difficulties it has been 


referred 


‘F. J. Dyson et al., Phys. Rev. 95, 1644 (1954 
toasA 


> to be 
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found more convenient to use a Bethe-Salpeter type of 
approach® whose covariant nature greatly simplifies the 
calculations and at the same time facilitates an easy 
removal of the meson-meson divergence. 

In Sec. 2 we give a brief derivation of the “effective” 
Hamiltonian for meson-meson scattering by relating it 
to the covariant lowest order S matrix for the process. 
Using the lowest order S matrix for m-m scattering, in 
fact corresponds to the “ladder-approximation”’ defined 
by Bethe and Salpeter for the two-nucleon system. 
Using some approximations suitable for low and 
moderate momenta (discussed in the Appendix), the 
“effective” Hamiltonian is expressed in fairly simple 
forms for the three possible charge states of the a-m 
system ; viz., the states of total isotopic spin J =0, 1, or 2. 

In Sec. 3 the integral equation for -m scattering is 
derived with the help of the above ‘‘Hamiltonian,”’ fol- 
lowing the procedure of Lippmann and Schwinger® and 
Goldberger.’ ‘This equation is then simplified by analyz 
ing the w-r wave function into eigenstates of total 
isotopic spin J (=0, 1, and 2) and the relative angular 
momentum J, neglecting states with /> 2. The reduced 
integral equations are solved particularly for the eigen 
states J=0, 2 and | is found for 
the case J =2, though not for /=0. 

Section 4 is devoted to a qualitative discussion of the 
their effects on physical 


0 and a “resonance” 


including some 


phenomena. 


results, 


2. THE EFFECTIVE HAMILTONIAN 


We start with a derivation of the S matrix for m-r 
scattering, throughout the calculations natural units 
h=c=1 are used. 

Let the 4-momenta of the initial and final mesons be 
ky, kg and —ks3, 


tion condition is 


ky, respectively, so that the conserva- 


kithotkstka=0. (1) 


We shall concurrently use the alternative notation 
(useful for later purposes) 


ky 5 
k 4 


’ 


so that 


Fic. 1. The three fundamental diagrams for w-w scattering 


* FE. E. Salpeter and H. A. Bethe, Phys. Rev. 84, 1232 (1951 
*B. Lippmann and J. Schwinger, Phys. Rev. 79, 469 (1950 
’M. L. Goldberger, Phys Rev. 84, 929 (1951) 


Ane ms. 


SAXENA 


In the c.m. system, one has* 
(1c) 
(1d) 


s=—s’, = —q’, 


Sg= So oh qo’ =Wy, SAY. 
Let the corresponding meson operators be da,(x;), 
(i=1,2,3,4), a; denoting the charge states of the 


“~) 
ith meson. @,(x) has the following momentum 
representation,‘ 


dk 
a(x) = (16n*) if 


(w,)? 


(Ayae***+ Oka*é seit (2) 


where dya and dya* are respectively absorption and 
emission operators satisfying 

[axa,du'p* |=5a90"(k—k’). (3) 

The fundamental interaction Hamiltonian is given by 

H’ (x) =iGW (x) ray (x)ba(x). (4) 


The S matrix for the interaction, which is defined as 
(—i)4 
5 fray a v),H’(x3),H’(x4)) 
4! 
x dx,dxod v31X4, (5) 


can easily be evaluated by referring to Fig. 1 and using 
the Feynman-Dyson techniques. Thus, we have: 


G 
S mA Xf us (11) s(x) (4) Daan 


xi Tr{Sp(x X2)¥55 ¢(X2— Xg) 


Ke (Xs ri )¥e Se (4 11)¥s}, (6) 


where 
512634461 4623—8 19604 (7) 


} Tr( Taj Ta2TagTa4) = D034 


(6,2 stands for daye2, etc.) and 


2i ip-M 
fomid May 
(2m) pP+M? 


(p =VuPu ). 


Sr ( x) 


The summation >)’ in (6) is over the six graphs which 
are obtained by permuting x1, %2, Xs, x4 and a, a2, ag, a 
simultaneously (cyclic permutation of 4 points). The 
operator S given by (6) must now be evaluated between 
the initial and final states of the m-m system. Following 
the procedure of A, a two-meson state is given by 


1 
v ff vostk,h)axtars uP hi (9) 
2. 


*It may be noted that since contributions off the energy shell 
are expected to play an important part in the calculations, the 
quantity w, is not necessarily related to any of the momenta 
s,s’, q, q’ by the usual relativistic relation. 
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where Vo is the noninteracting vacuum and Wag(k,k’) the 
two-meson amplitude which satisfies the normalization 


> | ly |%d*kd*k’ =1, (10) 
af 


and the condition 


Wap (k,k’) =ea(k’,k) (11) 


imposed by the Bose statistics. Upon using (2), (3), 
and (9) the matrix element of the operator 


ha (41) pao ( X2)paz( X3)pag(X4) ’ 


between the states V, and WV» is given by 


DX 1) f Yona ‘i k;, k 4) iara9( ki ,k2)d*kd*kod*kyd*k, 


1 
x( ie \wkowk3wk,4)$ 
256r® 


XKexp{i(kixy t+ Roxot hax k4x4)}, (12) 
where the initial and final states are characterized by 
the momenta k,, k, and —k;, —k,, respectively, in con- 
formity with the notation used earlier in this section. 
The summation >> in (12) is over 24 terms obtained by 
permuting (%1,a;), (%2,a2), (%s,a3) and (x4,a4) simul- 
taneously. Now the symbol 5°’ in (6) has only the 
effect of giving a multiplicative factor of 6. As regards 
the symbol >> in (12), the 24 terms can be broken up 
into 3 groups of 8 identical terms each, corresponding 
to the 3 main “square” diagrams shown in Fig, 1. 
Using these arguments and carrying out the trivial 
5-function integrations which arise when (8) and (12) 
are substituted in (6), we finally obtain 


1 s/G\? 
(1|.$|2)=— ( ) fonoeaese 
1624 \4ar 


k,— kg) RW ara ky, ke) 


5*(ki thot khst ka)W rasa" ( 
| 


(wk wk awk grk,) # 
(13) 
where 
R= Dy2949 1+ Diras9 2+ Di s249s (14) 


and 


1 1 
9, far tr] 5 
p—-iM p—kitiM 


1 1 
Xs 5 ; 
p—k.—k:+iM p+ki—iM 


(15) 
The other two integrals 9, and 9, are so defined that 
they bear the same relations to Figs. 1(b) and 1(c) 
respectively as 9, does to Fig. 1(a). More explicitly, 


INTERACTION 


one has the following correspondence : 
9, =F (Ry, ko,a, ka), 
Io=F (Ri ko,kayks), 
I3=F (RiRa,Ro,ka), 


with the same functional form F but with its arguments 


permuted. 

The dependence of ® on the charge coordinates of 
the mesons can be most simply expressed in terms of 3 
operators £, » and ¢ defined in a recent paper by 
Mitra.’ Thus 


Dy234 é tn, 


In terms of these operators ® may be written as: 


Diasa=t§—n, and Dysa=f—é. (17) 


R= (G1: +-92—I3) +(91— 92) +6 (9a). (18) 


Now for a two-meson state, the only possible values of 
the total isotopic spin J are 0, 1, and 2. For a state of 
definite isotopic spin, £, n, and ¢ are constants and their 
eigenvalues are given in B [_Eq. (15) ]. 

The integration over the momentum Pp in g,; (and 
likewise d, and gy) can be carried out by the usual 
Feynman method of combining the denominators with 
the introduction of auxiliary variables. The integrals 
are all logarithmically divergent, but the divergent 
parts are pure constants obtained by putting ky)’ =k,? 

ke=ke=0, so that they can be easily separated 
from the physically significant terms. Though the 
integration over the auxiliary variables can be easily 
carried out in the nonrelativistic region, it is not 
possible to do so for values of the meson momenta of 
the order of M (the nucleon mass). Since on the other 
hand this “relativistic” region is expected to play a 
fairly important part in the integral equation for m-3 
scattering, it is necessary to take its effect adequately 
into account by suitable approximations. One such 
approximation which is valid for small and moderate 
momenta is discussed in the Appendix where these 
integrals are evaluated and expressed in fairly simple 
forms. 

Now the eigenvalues ®, of & for different states 
I =0, 1, and 2 are easily derived from (18) and Eq. (15) 
of B. Using the results of the Appendix, one has the 
following values of ®, in the c.m, system [see Eq. (1) | 


30 In (1 +8) — (278+ 1 2w,*) / A— (75°g?/3.A?) 
[ (8.84? +13.88+ 3.754! 


+ 3,3w,2@+ 9.98) /A*]) 


No 2in?{ 


(19) 


R, = fin? (s-q) 
x [—8/A— (2/4*) (347u4?/150— (32/75) (s+) ], (20) 

12 In(1+-&) +6042/A+ 128(1-+-w,")/52? 
+ (4404? + Bey + 368) / A? —55*g?/12A*], 


(21) 
where 
= A-1 (22) 


*A.N. Mitra, Phys. Rev. 103, 752 (1956) ; to be referred to as B 


(s?-+-¢? — 2w,")/6. 
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Using the notation (1a), the wave functions y;(s,8’) 
and W2(q,q’) may be. written with the respective c.m. 
momenta of the mesons separated, in the form 

¥1(8,8") 
v2(4,q') 


* is something like a 3-dimensional delta 


x (8)F(s+s’), 


L (23) 
x2(q)F(q+q)), 


where | 
function with the normalization 


fisrectsy=1 


With the help of (la) and (23), Eq. (13) for (1S) 2) 


may be simplified to 
1 (—) f= 
16m \4r W Wg 


XK x2*(q) Rrx1(8)5(so 


(24) 


qo). ( 5) 


Now the matrix element of the “effective”? Hamiltonian 
between two states V,; and VW, is, in the Born approxima- 
tion, related to the S-matrix element by the equation 


(1}.$} 2) 2rid(So—qo)(1| Hert} 2), (26) 


«” that a comparison of (25) and (26) gives 


(1) Mute) 2) fa'sa'gx:*(q)Hi(sa)xi's), (27) 


l CG . 7 
( ) (Wy 
32r°\ 4a WW y 


3. THE INTEGRAL EQUATION 


W here 


/11(8,q) (28) 


Equation (27) for the ‘effective’ Hamiltonian can 
be used to obtain an integral equation for the meson 
meson scattering amplitude in the following manner 
Using the operator identity 


wy =1, (29) 


v 


for any state vector V des ribing a 2-meson system one 


can easily derive the relation 


> x" ap (8)Xy5(8') = 5bay5806"(8— 8’) +-50558,6°(8+8'), (30) 


for each of the c.m, wave functions x; and x» appearing 
in (27) when one remembers that these functions are 
are normalized according to 


From (27) and (28), the state 7..¥ is given by 


H ate¥ Ee vf fasta (atrxs) 
¥ 


AND R - 


SAXENA 


Upon using (30), the momentum wave function associ- 
ated with the state H..¢¥ is, with obvious notation, 


= (0) f farsa (qtrx(s 
f faseaow ~q)+6(s'+q) |Hix(s) 


2f asth(ss)x(s) (32) 


For the scattering problem we can put, according to 
Goldberger,’ 
1 
V=o— G, 
iD " Hy 


(33) 


where 


G Hetg¥ (E—Hy)¥, (34) 


and ® is the state vector for noninteracting mesons. 
From (32)-(34), the momentum wave function g(s) 
associated with the G is seen to satisfy the integral 
equation 


1 
g(s’) -2 farsthiss)] 60 P 
E 


x(s)| (35) 
2u 


Here #(s) is the wave function for free mesons and has 
the form 

¢(s) = —6(E—2w,) Vi(s), (36) 
where Y,(s) is a normalized spherical harmonic of 
order 1. Equation (35) for g(s) may now be analyzed 
into partial waves by putting 

g(s)= Vi(s)gi(s). (37) 

Substituting (36) and (37) in (35) and integrating 
over the solid angle dQ,, we have 


: 1 
gi(s’) gms) + fi dstas'thu(ss)| P ro) (38) 
Wp— Ws 


where 


grils’) 4arkw,HH1i(k,s’), (39a) 


1 
V1(s’)Hri(s,s’) fa Y ,(s)H1(s,8’), (39b) 


dor 


and k& is the incident momentum of the c.m. system 


so that 
wp. (40) 


It may be seen from (19)-(21) and (28) that, for /=0 
and 2, H, is independent of angles and (39) shows that 
only s waves are operative for these two states. On the 
other hand, for /=1, H; is proportional to cos@, so that 
p waves are effective for this state. This is exactly 
what one would expect on the basis of Bose-Einstein 
statistics according to which even and odd I states 
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should be associated with even and odd values of / 
respectively, though the occurrence of only s and p 
waves is a consequence of our approximation (valid at 
least for low incident energies). 

Equation (38) may be solved numerically for dif- 
ferent values of J and & after first determining the 
asymptotic behavior of g(s) for large s. Now the 
asymptotic forms of H, for /=0, 1 and 2, as determined 
from (19)—(21), are as follows: 


H = — (482°)! (G*/4ar)*60 Ins, +27 |, 
Hy = — (48m*)~!(G*/4r)*[185</85 |, 
Hy= — (482°)! (G?/4rr)*[24 Ins 43.6]. 


(41) 


Substituting (41) in (38), one easily finds the following 
asymptotic forms of g(s) for the three cases /=0, 1, 


and 2: 


(60d)? 


£o(S)~S 
£2(S)~sS (24n)* 
gi(s)~s Pay 

where 

(43) 


A= (12n*)-'(G*/4n)’. 


Now (42) and (43) show that g;(s) is normalizable only 
if X<1/24 which is incompatible with the accepted 
value 15.5 for (G*/4ar). We shall, therefore, not consider 
the state /=1 any further and shall discuss only the 
cases /=0 and / 

Since s waves are important only for low incident 
energies, we consider a typical value k=0.1M for the 
¢c.m. momentum of each meson. If we take G?/4r= 15.5, 
the Born approximation values gg(k) for the cases J =0 
and 2 are found to be the following [from (39a) |: 


2 in what follows. 


0.16, 
+-0.46, 


gpo(0.1) 
(44) 


£p2(0.1 ) 


It is seen from (44) that the two values are of opposite 
signs, giving the impression of attractive and repulsive 
interactions in the states /=0 and 2 respectively. This 
conclusion is, however, misleading since a comparison 
of the interaction kernels //) and H, in (41) shows that 
their behaviors for moderate and high energies are very 
similar (in magnitude and sign), indicating attractive 
interactions in both the states. One would therefore 
expect an enhancement of the wave function g(k) over 
gu(k) for both /=0 and 2. To see if this expectation is 
borne out, we have carried out a straightforward nu- 
merical solution of the integral equation for these two 
states with the usual way of approximating it by a set 
of simultaneous equations. Since the low and moderate 
momenta are expected to play a more important part 
than higher momenta, the wave function g(s) has been 
assumed unknown at the following points: 


(s/M)=0.1, 0.3, 0.7, 1.3, 2.0, 3.0, 5.0. 


Values of s higher than 5M have not been considered 
since, according to (42), the wave function falls off 
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TABLE I, Exact and Born-approximation phase-shifts for #-» 
scattering in the states /=0, /=0, and /=2, /=0, [\= (1/127) 
X (G/4r)*) 


» 2 0.1 
0.0080 0.46012 
20’ §5°22’ 


0.1447 


24°20’ 


gp(k) 0.1600 
bn 26°41’ 
g(k) 0.0047 
5 0°52’ 


Born approx 


1.9954 
80°50’ 


Exact 


very rapidly for large momenta. The integration over 
the momentum variable s for a given value of s’ has 
been carried out by the usual trapezoidal rule, except 
O.1M, for 
which the method employed is the same as described in 
another paper by Mitra.” After solving the seven 
simultaneous equations so obtained for the variables 
0.1, 0.3, 0.7, 1.3, 2.0, 3.0, 5.0, the results 
mg(k) | are as shown in 


in the neighborhood of the singularity s=k 


g(s’) for s’ 
for the phase shifts [tané 
Table I. 

4. DISCUSSION 


‘Table 1 for the phase shifts in the two-states /=0, 2 


reveals some interesting results. Considering first the 
case 1=0, one finds that the actual solution of the 
integral equation gives a value for tané which is (1) 
negative and (2) much smaller in magnitude than tand, 
(which itself is positive). This result would therefore 
the state /=0 
The origin of this “repulsion” is, however, completely 
different from a conventional repulsive potential, and 
can be most easily understood in a qualitative manner 
with the help of a Chew-type formula, 


suggest a “repulsive” interaction in 


tand= (tand,z)/(1—2), (45) 
where {2 is, crudely speaking, given by 


M 
() af H,(s,s')d*s 


One sees from (45) that if @ is positive and less than 


(46) 


unity, tané is of the same sign as tanéd, and increases 
rapidly with & Thus a positive {& is indicative of an 
attractive However, if (21, the 
equation (45) shows that tané is of opposite sign to and 


interaction. same 
numerically much less than tandé,, and this just appears 
to be the situation in the present case. Now since, 
according to (46), 2 is roughly proportional to (G?/4ar)*, 
it may be reduced considerably by decreasing the 
coupling constant, and a crude analysis shows that 
G*/42~1 would give a value of tané very near resonance 
This expectation is in fact born out by taking A=0.1, 
as an inspection of ‘Table I shows. Thus we conclude 
that for the case /=0, the attraction is “too strong” to 
give a resonance. Such a strong interaction, on the other 


sé 


hand, suggests the possibility of a bound state, which 


WAN. Mitra, Phys. Rev. 99, 957 (1955 
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might be worth investigating, e.g., in connection with 
the structure of the # particle. 

The more interesting case is that of /=2 
according to Table I, reveals almost a resonant inter- 
action, though tané, itself is negative. This again can 
be understood qualitatively, on the basis of Eq. (45) 
in which the corresponding 2 happens to be slightly 
greater than unity, thus explaining the large and posi- 
tive value of tané 

It may be remarked that a strong resonant inter 


which, 


action in the state /=2 has a bearing on the peculiar 
behavior of the 6;-phase shift in pion-nucleon scattering 
at low energies. Experimentally, this quantity is nega 
tive but smaller in magnitude than a Tamm-Dancoff 
treatment of the pion-nucleon interaction would give. 
Some additional (attractive) interaction is therefore 
necessary which would have the effect of increasing the 
theoretical 6, (making it less negative), so as to bring 
it nearer the experimental value. One obvious possi- 
bility is afforded by the /=2 state of the m- system 


S) fe p 


Now Feynman’s method of combining denominators 
gives 


(A2) 


1 1 
6f ’ 
abcd ry (axy+-bxe4+-cxy+dx4)' 


where Jf means integration over x), X2, Xs, %4 Suc h that 


Mtxeetagta=1. 


‘Thus, for example, 


1 I~ 21 l—2)~22 
f fanf ars dX. 


Now defining the 4-vectors 1, Ae, As, Aa, Where 


Ay Xoko— x a(kot ks)4 Xak, (A4) 


and A», As, Aq are obtained by cyclic permutation of ky, 
ko. ky, ky in (A4), one finds after due simplifications" 


\ 
Sy sf fa ’ 
f (p’ +-A)‘ 
where 


V = p+ M4+ (4ro-Aat gr Ast 2M?) p+ MB +a, 


(A5) 


(A6) 


a= (Ags Aa) (Age Aa) (Ar Aa) (Az Aa) 


(Ay*As)(Ae-Aa), (AZ) 


p (Ay Ag) { (Ay Aa) +t (Ay* Aq) 
+ (Ag Az) 


xXok,? + ¥3(kot ks)? +-x4k?—A,’. 


(A8) 
(A9) 


(Ay*Aa) — (Az*Aa), 


A—M’ 


' For two 4-vectors x and y, (x-y) 


€) 


means XyVy 


AN 


Tr{ (p+iM)(—p+k.+iM)(+p—R.—ky+iM)(—p—kitiM)} 
4 . 
(p2-+M2)[ (p—he)?+ M2 YL (p—ha— hs)? MIL (pha)? + M] 


DR. . DARREN A 

(since it is strong and attractive) though a more quan- 
titative investigation of its effect on m-p scattering is 
necessary before a definite conclusion can be reached. 
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APPENDIX 


We give here a brief derivation of the results con- 
tained in Eqs. (19)—(21) of the text. From (15), we 
have 


(Al) 


The integration over p in (AS) can now be carried out, 
using the following results: 


d'p im” 
f , f : ,  (A10) 
(p?+A)* 6A? (p?+A)* 3A 


Ads M°?? M 
f boii lim i n( ) + nf )I (A11) 
(pea)! Mom M? A 


where we have “regularized” the integral with an 
auxiliary mass My. The first term in (A11) can be 


prd'p’ in’ 


immediately recognized as a divergence arising from a 
contact meson-meson interaction and will be omitted 
in the subsequent steps, in the spirit of the covariant 
renormalization procedure. Using these results, we 
have after some reduction: 


2in* M? 
9d; | n( ) + 
cag A 


28B+4M?2+- (1X3) + (A2“ Ag) 
A 


M*+ M’*B+-a 
{ | (A12) 
A? 


We have now to carry out the integration over the 
auxiliary variables in (A12) and put the result in a 
relatively simple form, valid for low and moderate 
momenta. For this purpose, we proceed as follows. We 
first show that the quantity ¢,=4—M? Le., 


voko? + x3(Rot ks)? + x4k7 
—| Xokot x3(kot ks) age ski |, 


€\ 


is essentially positive and does not vary much in mag- 
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nitude, provided (1) that the quantities k,’ are positive 
(which is the case for matrix elements away from the 
energy shell), and (2) that the vectors ke, ko+ks3, and 
k, are comparable in magnitude and are not all parallel. 
To see how e, is positive, we calculate the quantity & 


defined by 
é,= 6f 6, since f 
J 


This integral when evaluated, and rearranged, gives 


€:= (1/20)>0 kP+ (1/40)[ (ki— ks)? + (ke2—ha)* ]. (A113) 
Equation (A13) makes it clear how @, is a positive 
expression. This fact ensures that the denominator 
M?’+-e, does not fluctuate appreciably as a function of 
the auxiliary variables, so that it is a fairly good 
approximation to replace it by its average value. This 
approximation has the advantage that the integrals in 
(A12) can be carried out in a simple manner, since only 
the numerators are now involved. The only complicated 
quantity is a, whose average is now defined (in keeping 
with the above approximation) as 


&= (Ara) avi (Aa Aa) Dav 


+ ((y°Ag) avd (Aas As) Day ((A1 Aa) avd (Ao? Aa) Day (A14) 


to avoid the difficulties of averaging over quartic 
terms. The approximation suggested here is by no 
means rigorously justified, but we feel that it is reason 
able enough so as not to give qualitatively misleading 
results. With this approximation one obtains, after 
sufficient reduction, 


é; i > 9’, p 


&= 48+ (i+ ga) (ga-ga) + (qi qa) (G2 qs) 
(qi qs) (q2" qs) —4( (5/2) g?— Dk? F, 


(13/5)S.g2—-Sk2,  (A15) 


(A16) 


where 


gini=t DAA, (A17) 
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\, being defined in (A4). To evaluate 9, and 93, we have 
respectively to interchange the indices 3 and 4 and the 
indices 2 and 3 in the expression for 9. Thus the quan 
tities analogous to é, that will enter the denominators 
of dy and 9; are 


20)S> k2?+ (1/40) (ki — ha)? + (keo— hs)? ], 


é (A18) 
20)>° k? { (1 10)| (ky kh)? } (ks k,)? |. 


From (A13) and (A18) it appears that the denominators 
of 9), 92, and gy are different, which means that no 
simple expression can be obtained for any linear com 
bination of these quantities. However, it will still be in 
the frame work of our earlier “averaging” approxima 
tion to replace all these e’s by their mean value, L.e., 


“a 


= (Ej +e +e&)/3 
(A19) 
(3/40)>° k2+(1/60)>° kik, 


‘ 1) 


so that the numerators of the integrals may be combined 
directly, leading to fairly simple expressions. 
We now transform to the c.m. system, according to 


which we put [see (1c) | 


ki = (s,wr), Ro=(—S, we), Ra=(g, —we), Ra= | 


‘| his makes 
(A20) 


2w, r) 6, 


+g? 
which is independent of the angles. ‘The quantities B 
and & defined by (A15)-(A17) can also be evaluated in 
terms of the ¢.m. momenta by straightforward sub 
stitutions. Finally the linear combinations 


3(9 1+ 92-53) +293, 2($;—952), and 29s,, 


which can now be easily calculated from what has been 


said above, lead directly to the expressions (19)—(21) 
of the text 
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Second-Nearest-Neighbor Nuclear 
Magnetic Resonance Shifts in 
Iron Group Phosphates 


Joun M. Mays 


Bell Telephone Lablratories, Murray Hill, New Jersey 
(Received September 19, 1957) 

YHULMAN-JACCARINO shifts in’ the nuclear 
J magnetic resonances of nonmagnetic atoms in para 
magnetic substances have been reported! only for 
nuclei directly adjacent to magnetic atoms, e.g., I 
resonance in Mnky. In the present letter there are 
reported shifts, similar in magnitude and direction, in 
the resonances of nuclei separated from the magneti: 
atom by another nonmagnetic atom, e.g., P" resonance 
in LiMnPO,. Further, the behavior of the shifts in a 
number of iron group phosphates as a function of tem 
perature has suggested the probability that several of 
these phosphates undergo antiferromagnetic or ferri- 
magnetic transitions above helium temperatures. Meas- 
urements of magnetic susceptibility by R. M. Bozorth 
and Dorothy FE. Walsh, to be reported in detail later, 
have established such transitions in several of these 
compounds, notably antiferromagnetism in LiMnPO, 
(Néel point ~42°K) and ferrimagnetism in Fes(PO4)2 
1HO at a lower temperature. The size of the shifts in 
the P* resonance indicates that the magnetization of 
the Mnt* is being felt two atoms away by some mech 
anism (presumably electron transfer) other than direct 
dipolar field. The thus demonstrate 
directly for the first time a long-distance interaction 


experiments 


between nonadjacent ions 

We shall consider in detail the nuclear resonances of 
P* and Li? in LiMnPO,. The mineral sample used was 
sufficiently single-crystalline so that the P® resonance 
was resolved into eight orientation-sensitive com 
ponents spread over a region 95 gauss wide at 77°K, the 
minimum shift from the P® resonance in HPO, being 
~65 gauss. All measurements were made with a 6520 
gauss permanent magnet. The shifts of each component 
followed a Curie-Weiss law AH=C/(T+ 100°); the 
widths were ~ 2.5 gauss at 298°K and followed a similar 
law. If we take w,.=3 X10" sec”! we can calculate? a 
high-temperature width of ~ 2 gauss based on exchange 
narrowed hyperfine interaction. The width due to 
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nuclear dipoles should be ~1 gauss, The width due to 
hyperfine interaction would not be expected to increase 
with decreasing temperature and the nuclear dipolar 
width should be independent of temperature. It is 
probable therefore that each component is made up of 
more than one line owing to slightly different magnetic 
environments of the four P in the unit cell* and that the 
broadening at 77°K is due to the expected magnification 
of the slight differences in shift. The presence of eight 
components is being investigated further. A width from 
exchange-narrowed hyperfine interaction of 2 gauss 
corresponds to T7;~ 7:=5X10~ sec. This value is con- 
sistent with our inability to saturate the components 
with a Varian Associates spectrometer. Approximate 
calculation of hyperfine interaction constants for 3s 
electrons in P shows that the amount of 3s electron 
deficiency at P in LIMnPO, is roughly 1%, or the same 
order as is calculated‘ for F in MnF». The Li’ resonance 
was split by nuclear quadrupole interactions into a 
strong central component, shifted only a few gauss, and 
two weaker satellites almost symmetrically placed 5-10 
gauss to the left and right. The components were 
roughly 3 gauss wide and showed evidence of further 
splitting presumably caused by different environments 
of the four Li nuclei in the unit cell. The small shifts, 
narrow lines, and relatively long 7, of 2K10~* se 
measured by saturation agree roughly with predictions 
based on simple paramagnetic shift,® nuclear dipolar 
broadening, and paramagnetic spin-lattice relaxation,® 
with no recourse to electron transfer. That is what would 
be predicted since the Li—O bond would be expected, in 
contrast with the P—O bond, to be almost purely ionic 
and the hyperfine interaction of a 2s electron in Li is 
aboue one percent of that calculated for a 3s electron 
in P. The Li resonance was strong enough to be dis- 
played on an oscilloscope and was observed to disappear 
and appear at 41.5°K. A sharp break in the cryostat 
cooling and warming rates at the transition temperature 
indicates that the antiferromagnetic transition is a 
sharp one with a considerable latent heat. 

Powder samples measured are listed in Table I. The 


Pas e I. Shifts in field for resonance of P® in powdered phosphates 
relative to that in H,PO,. 6 is described in the text 


Shift (gauss 


Compound at 300°K 
Chromic phosphate* » 16 
Mnj(PO,4)26H,0° 4 61 
Fe;(PO,4)2 4H,0" ‘ 58 
Fes(POg)2-8H,0°4 69 
Ferric phosphate* ° 66 
Co;(PO,4)2:8H,0* 4 38 
Nis (PO4)2-8H,0* d 26 
Cu;(PO,4)2-3H,O* 4 12 


*Amend Drug and Chemical Company 

» Gave no X-ray powder pattern 

* Fisher Scientific Company. 

4 Composition based on Brindley et al., X-rayPowder Data File(American 
Society for Testing Materials, Philadelphia, 1957 

* Mineral sample 

'T. Ito and H. Mori, Acta Cryst. 4, 412 (1951 
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absorption derivatives observed were often quite asym- 
metrical and the tabulated shifts refer to the inter 
section of base line with the most strongly sloping 
segment of the recorder trace. @ is calculated by fitting 
AH=C/(T+8) to shifts in P* resonance at 195°K and 
77°K. These values of @ are usually not very different 
from those obtained using shifts at 298°K and 77°K. 

The author is pleased to acknowledge the help of Dr. 
R. G. Shulman and Dr. V. Jaccarino who suggested the 
present investigation; of Dr. S. Geller and Dr. W. L 
Bond who have given much excellent crystallographic 
advice; and of Mr. J. L. Durand who made many of the 
measurements. 

1. G. Shulman and V. Jaccarino, Phys. Rev. 103, 1126 (1956) ; 
Jaccarino, Shulman, and Stout, Phys. Rev. 106, 602 (1957); J. M 
Baker and W. Hayes, Phys. Rev. 106, 603 (1957) 

?'T. Moriya, Progr. Theoret. Phys. Japan 16, 641 (1956) 

3A. Bystrém, Arkiv Kemi, Mineral. Geol. 17, No. 4, (1943) 

4. G. Shulman and V, Jaccarino, Phys. Rev. (to be published) 

5 N. Bloembergen, Physica 16, 95 (1950) 

*T. Moriya, Progr. Theoret. Phys. Japan 16, 23 (1956) 


Detection of Optical Lattice Vibrations in 
Ge and ZrH by Scattering of 
Cold Neutrons* 


I. Pecan,t C. M. E1rsennaver, D. J. HUGHES 
AND H. PALEVSKY 


Brookhaven National Laboratory, Upton, New York 


(Received October 2, 1957) 


ATTICE vibrations in solids can be studied by 
measuring the energy distribution of scattered slow 
neutrons that have exchanged energy with the lattice 
vibrations. In experiments now under way at the Brook 
haven reactor, an incident cold neutron beam is pro 
duced by filtering thermal neutrons in Be, and the 
velocity of the scattered neutrons is measured by the 
slow chopper, time-of-flight method. The filtered beam, 
which contains only the low-energy end of the Max 
wellian distribution, has a sharp cutoff at 0.005 ev, 
and an effective energy of 0.004 ev. The cold neutron 
flux at the position of the scatterer is a factor of 25 
greater than used previously ;! this increase results from 
the use of a large beam port, with a full angular diver 
gence of 9°, constructed in the top shield of the BNL 
reactor? The resolution has been improved by using a 
chopper with much narrower slits, with a resolution of 
3 ysec/m. The present equipment is well adapted to 
detecting sharp neutron peaks in the spectrum of scat 
tered neutrons in the 0.1-ev range, and it has now been 
successfully used to measure optical modes of vibration 
in Ge and ZrH. 

The spectrum of neutrons inelastically scattered from 
crystalline materials is markedly different for coherent 
and incoherent nuclear scattering. In most elements, in 
cluding germanium, the nuclear scattering is mainly co 
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hic, 1. Spectrum of neutrons inelastically scattered by a single 
crystal of Ge; the peak at 0.038 ev results from gain of energy 
from an optical lattice vibration 


herent, and the scattered neutrons must satisfy a coher 
ence condition as well as energy conservation. In this case 
discrete energy peaks are observed in any given scatter 
ing direction. In hydrogen and vanadium, however, the 
nuclear scattering is incoherent and only energy con 
servation must be satisfied. The spectrum of neutrons 
inelastically scattered by acoustic vibrations is then 
continuous and is directly related to the lattice vibra 
tion spectrum of the scatterer.’ 

Among the peaks observed in the scattered neutron 
spectrum from a single crystal of germanium‘ is one at 
the relatively high neutron energy of 0.038 ev. The 
neutron peak is shown at channel 56 in Fig. 1. Sub 
traction of the incident energy yields an energy of 
0.034 ev for these vibrations. Whereas the energies of 
the other peaks, corresponding to acoustic vibrations, 
vary with different the crystal, the 
energy of this peak remains constant to within +5% 
Since a difference in orientation causes interaction with 
lattice vibrations of different wave numbers, the small 


orientations of 


energy variation reveals the presence of lattice vibra 


tions with relatively independent of wave 


energy 


number. This behavior, as well as the high energy 


3000 } 
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CHANNEL 6 ) eS CHANNE 
Fic. 2. Spectrum of neutrons inelastically scattered by poly 
crystalline ZrH; the peak at 0.134 ev corresponds to an optical 
lattice vibration 
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relative to acoustic vibrations, shows that the peak is 
associated with an optical mode of vibration, in which 
the atoms of a unit cell vibrate “‘against’’ each other, 
relatively independently of other atoms. 

Since the scattering from zirconium hydride is 
primarily the result of the hydrogen, the inelastically 
scattered neutrons that have gained energy from 
acoustic vibrations form a continuous spectrum typical 
of incoherent scattering. In this case, a gain of energy 
from an optical vibration can be easily identified if 
present, for only an optical mode can produce a sharp 
peak. Such a peak is observed with a sample of poly 
crystalline ZrH at 0.134 ev (Fig. 2) with an energy 
of +0.015 ev, of which +0.005 results from resolution 
and incident energy spread. The corresponding energy 
of the lattice vibration is £= 0.130 ev. It is interesting 
to note that this transition, which is so prominent in 
the present measurements, does not appear in infrared 
absorption measurements. Further discussion of the 
ZrH results is contained in the accompanying Letter by 
Andresen, McReynolds, Nelkin, Rosenbluth, and 
Whittemore. 

Thus the cold neutron energy gain technique appears 
to be a useful method of detecting optical lattice vibra- 
tions up to energies of about 0.25 ev, this limit being 
set by the characteristics of the present chopper. Ex 
periments with other materials are planned to inves 
tigate the value of these measurements to solid state 
investigations. 
5S. Atomic 


* Work performed under contract with [ Energy 


Commission 

t On leave from Weizmann Institute, Rehovoth, Israel and the 
Israel Atomic Energy Commission 

' Carter, Palevsky, and Hughes, Phys. Rev 

? Pelah, Eisenhauer, Hughes, and Palevsky, Bull. Am 
Soc. Ser. IL, 2, 43 (1957) 

4A study of the scattering of cold neutrons from vanadium has 
heen completed and will be submitted for publication shortly 

4 We wish to thank H. P. R. Frederikse of the National Bureau 
of Standards and S. M. Christian of RCA laboratories for supply 
ing single crystals of Ge for this measurement. A detailed analysis 
of the Ge data in cooperation with F. Herman of RCA is now 


under way 
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Neutron Investigation of Optical Vibration 
Levels in Zirconium Hydride* 


A. ANDRESEN,t A. W. McCReyNo.ps, M. NELKIN, 
M. RoOsENBLUTH, AND W. Wuirremoret 


John Jay Hopkins Laboratory for Pure and Applied Science, 
General Atomic Division of General Dynamics Corporation 
San Diego, California 
(Received October 2, 1957) 


E have investigated certain properties of zirco- 
nium hydride by studying the spectrum of 
neutrons scattered elastically and inelastically from 
polycrystalline samples. A consideration of the zirco- 
nium hydride lattice shows that its thermal vibration 
spectrum should include in addition to the usual band 


THE EDITOR 


PER UT Taek WTERWL-ARSrTRARY SCALE 
§ § 


5 


ttt at 
i a ~ 





RELATE TENSITY 


40 “ 
CHANNEL OF Tit ANALYZER 


Fic. 1. Distribution of flight time for neutrons scattered by 
ZrH;, «. Channel number 6 is zero time, each channel is 40 usec, 
and flight path is 487 cm. 


of acoustical frequencies also a sharp ‘‘optical”’ fre- 
quency, v, corresponding approximately to vibrations 
of the individual hydrogen atoms in an isotropic har- 
monic well, This implies a set of optical energy levels 
for the lattice, ,,=nhyv. Peaks corresponding to transi- 
tions between these optical energy levels are seen in 
Fig. 1, which shows the spectrum of neutrons scattered 
at 90° from zirconium hydride. The average incident 
energy was 0,004 ev. Measurements were made in col- 
laboration with Pelah, Eisenhauer, Hughes, and 
Palevsky on the Brookhaven Laboratory slow chopper, 
which they described in the preceding Letter. The 
ZrH,.5 sample for Fig. 1 was heated to 393°C to make 
evident the second level (Channel No. 23), as well as 
the first level (Channel No. 30). Still higher levels 
should exist but the equipment discriminates so severely 
against neutrons of these higher energies that the levels 
do not appear. 

By transforming the coordinate from time of flight 
to energy, we obtain Fig. 2. From this figure, we can 
see the shape of the optical levels and their location as 
well as the acoustical Debye cutoff which occurs at 
about 0.02 ev. For comparison, we have shown the 
results obtained at 7= 24°C and 393°C. At 393°C the 
width of the first level at half its maximum value is 
about 0.037 ev. The Doppler broadening of the level 
due to simultaneous acoustical and optical transitions 
has been estimated to be 0.031 ev, a value about three 
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Fic. 2. Energy distribution of neutrons scattered by ZrH; , at 90 
angle. The average incident neutron energy is 0.004 ev. 
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times the instrumental resolution. The observed level 
is somewhat broader than these combined widths, but 
not significantly so. The level width is predicted to 
vary as 4/7’, as it appears to do within the accuracy of 
the measurements. 

To good accuracy, the population of the first level 
(and hence scattering from this level) varies with tem- 
perature according to the Boltzmann function e “/*", 
where £ is the energy of the level. In order to determine 
this energy, the intensity of the neutrons scattered from 
the first optical level has been measured as a function 
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Fic. 3. Intensity of neutrons scattered from the optical level 
of ZrH,.5 as function of sample temperature. Slope of curve gives 
optical energy level as 0.130+-0.005 ev 


of temperature. These data are plotted in Fig. 3 and 
yield a value of E=0.130+0.005 ev. 

The cross section for energy gain from the optical 
level can be readily calculated for a one-phonon process. 
This yields a cross section of about 0.9 barn at 24°C for 
neutrons incident with 0.004 ev. The experimental 
determination of this cross section for the present 
samples of zirconium hydride is rendered difficult 
because of the multiple scattering in the thick samples. 
From the data we can determine the ratio of the inelastic 
to the elastic cross section, taking account of the mul 
tiple scattering. Since one can assume that the elastic 
cross section for this case is 80 barns, we find that the 
total inelastic cross section is about 2 barns. Of this the 
to 50% is due to 


y 


experiment shows that between 35% 
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the optical level at 24°C. This yields a cross section of 
0.7 to 1.0 barn in good agreement with the theoretical 
value. 

* Experimental observations taken at the Brookhaven Nationa 
Laboratory 

+ Present address: JENER, Kjeller, Norway 

{ Guest Scientist, Brookhaven National Laboratory, Upton, 
New York 


Mechanism for Production of X-Rays by 
Ion Clouds Striking the Earth* 


PAUL J. KELLOGG 
University of Minnesota, Minneapolis, Minnesota, and the 
Naval Research Laboratory, Washington, D. ( 


(Received July 25, 1957 


N this letter we point out a mechanism, based on the 
Chapman-Ferraro!? model for geomagnetic storms, 
for the production of x-rays in auroras, of energies com 
parable to those of the incoming protons 
We here give an argument which applies not to the 
initial stages of the phenomenon as discussed by 
Chapman and Ferraro, but to a steady state established 
sometime after the beginning of the phenomenon. For 
simplicity we consider a very large uniform cloud in 
cident along the direction of the earth’s magnetic axis 
The mechanism will also clearly work for clouds incident 
in other directions, and also for clouds with nonuniform 
density. We neglect the thermal and turbulent motion 
of the cloud particles. If the density of the cloud is very 
low, then the particles will not affect each other, and 
the electrons and protons will follow the orbits inves 
tigated by Stgrmer. This means that the protons will be 
able to penetrate (1836)! times closer to the earth 
before being turned away by the earth’s magnetic field. 
This situation is sketched (not to scale) in Fig. 1, where 
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Approach of electrons and positrons to the earth. For 
explanation see text 
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S,, 5S. represent the limit to which protons, electrons 
penetrate. The region between S, and S, contains only 
protons. Now in a cloud of somewhat higher density, 
considered at a time long enough after the beginning 
of the collision that a steady state has been established, 
the electric field of these protons will accelerate the 
electrons so that they can come nearer the earth. This 
same field will, of course, slow down the protons. 
Briefly then, the tendency of plasmas to keep them 
selves neutral, which has been mentioned by many 
authors, here operates to accelerate the electrons. The 
magnetic field of the earth forces some charge separation 
on the plasma, but this separation sets up an electric 
field which accelerates electrons to reduce the charge. 
The balance between these two tendencies, and hence 
the amount of acceleration, clearly depends on the 
initial density of the ion cloud. 

An upper limit to the acceleration would be reached 
if the surfaces S, and S, came together. For particles 
moving in cylindrically symmetric fields we have 


1 1fe : 
o+-v4 ( A) const, 
M 2 2\Me 


where e is charge and M is mass of the particle, @ is 
electrostatic potential, Ay=azimuthal component of 
vector potential, and v= »,?+- 29 is the square of the 


velocity in the r—6 plane. If S,, S, are approximately 


characterized by v’=0 and M, m are proton, electron 


masses, we have on S=S,=5,, 


¢ ¢ 2 € e 
ot ( 4.) o4 ( 4.) ; 
M Mi m mi 


Eliminating Ay, we have for the energy of the electrons 
at § 

E.5= 4mv'+ebs=4M2,’, 
and for the protons 


IM 00° — es = 4mie" 

Electrons and protons have then exchanged energies. 
Ferraro’s more detailed calculations? result in the same 
acceleration. 

‘Time-of-flight from the sun and Meinel’s* observation 
of Doppler shift indicate that 50-100 kev is a reasonable 
figure for the energy of protons in the ion clouds which 
are thought to cause auroras. If the mechanism under 
discussion accelerates the electrons to a good fraction 
of this energy, we might expect that x-rays, produced 
when the electrons strike the atmosphere, would be 
found in conjunction with auroras. We may make a 
rough estimate of the efficiency of this process by 
dividing the range of the electrons in air by the radiation 
length. For 50-kev electrons, about one electron in 10° 
will radiate by bremsstrahlung and the efficiency will 
increase rapidly with electron energy. The efficiency for 
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production of x-rays by the incoming 50-kev protons 
would, of course, be many orders of magnitude smaller. 

Radiations which are very likely x-rays have been 
observed in conjunction with auroras by Winckler and 
Peterson,‘ of this laboratory. 

Calculations are in progress to relate the amount of 
acceleration of the electrons to the other parameters of 
the problem, using a hydromagnetic theory approach. 

The author wishes to thank Professor E. P. Ney and 
Professor J. R. Winckler of the University of Minnesota, 
and Dr. W. H. Bennett of the Naval Research Labora- 
tory for illuminating discussions. 

* Supported in part by the U. S. Atomic Energy Commission 
and the Office of Naval Research. 

'S. Chapman and V. C. A. Ferraro, Terrestrial Magnetism and 
Atmospheric Elec. 36, 77, 171, 186 (1931); 37, 147, 421 (1932); 
38, 79 (1933) 

2?V.C. A. Ferraro, J. Geophys. Research 57, 15 (1952) 

*A. B. Meinel, Astrophys. J. 113, 50 (1951) 


‘J. R. Winckler and L. Peterson, Phys. Rev. 108, 903 (1957) 


Superconducting Energy Gap from Ultra- 
sonic Attenuation Measurements* 


R. W. Morse Anv H. V 
Department of Physics, Brown University 
Providence, Rhode Island 


(Received September 6, 1957; revised manuscript received 
September 24, 1957) 
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HE fact that ultrasonic attenuation in very pure 

superconducting metals undergoes a rapid de- 
crease as the temperature of the metal falls below the 
superconducting transition has been the subject of 
recent experimental study.'* The attenuation due to 
electrons in a normal metal has been fairly well ex- 
plained.4> The details depend upon the value, relative 
to unity, of k&/, where k is the propagation constant of 
the ultrasonic wave and / is the electron mean free path. 
When &l<1, which is the most usual case for ultrasonic 
waves, the attenuation is proportional to the square of 
the frequency and to the electron mean free path. 
When &/>1, the attenuation depends only upon basic 
parameters of the electron distribution and the electron- 
lattice interaction. Consequently such measurements 
can be expected to yield fundamental information in 
an especially direct way. Indeed, the case kl>1 is 
identically the situation contemplated in the basic 
problem of scattering of phonons by electrons. Thus 
one regards the ultrasonic wave as a coherent beam of 
phonons superimposed upon the equilibrium distri- 
bution of phonons, and one identifies the measured 
intensity attenuation as the reciprocal of the mean free 
path for lattice conduction limited by electrons.* The 
result for attenuation in the normal state, also given by 
Kittel,’ is 


a,=m™C*k/ (2apvh'), (1) 


where m* is the effective mass, C the electron-lattice 
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Measured ultrasonic attenuation of longitudinal waves in 
a tin single crystal at a frequency of 33.5 Mc/sec 


interaction constant, p the metal density, and v the 
velocity of longitudinal waves. 

It has been recognized that the falloff of the ultrasonic 
attenuation observed when a metal becomes super- 
conducting is somehow connected with the diminishing 
number of normal electrons. However, it has not been 
observed to vary as 7‘ as the simple two-fluid model 
would anticipate. Recently Bardeen, and 
Schrieffer have proposed a theory of superconductivity 
which has shown a remarkable agreement with many 
of the observed facts.* An essential part of this theory 
is the appearance of an energy gap 2eo(7)) at the Fermi 
surface, which increases in width as the temperature 
falls below the transition point. The evaluation of the 
integral leading to Eq. (1) for the energy-gap model has 
been carried out by Bardeen and gives the following 
expression for the ratio of superconducting attenuation 
to that in the normal state’: 


2/(eto/*?+-1), (2) 


Cooper, 


,/ Ay, 











Fic. 2. Measured values of a,/a, compared with the theoretical 


variation of Bardeen, Cooper, and Schrieffer assuming ¢o(0) 
=1.75kT.. For tin 7,=3.71 °K and for indium 7,= 3.40 °K 
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Thus the falloff of the attenuation previously ob 
served should yield direct information about the energy 
gap. Conversely such measurements can serve as a 
specific validation of the theoretical model. 

Some of the measurements that we have taken in 
polycrystalline indium and in a_ single-crystal tin 
specimen fall into the region where k/>1. The de 
pendence of this attenuation on applied magnetic field, 
which will be reported at length in another paper, 
indicates that &/ is at least 10 for all samples at a fre 
quency of about 25 Mc/sec. A typical dependence of 
attenuation with temperature is shown in Fig. 1 where 
results are plotted for 33.5-Mc/sec waves in a tin single 
crystal oriented so that the propagation direction is 
along the (0,0,1) axis. The normal state attenuation 
(found by using a magnetic field) is essentially tem 
perature-independent. There is, of course, a background 
ultrasonic attenuation which is nonelectronic in origin, 
and a, and a, have been determined by extrapolating 
the superconducting attenuation to absolute zero as 
shown. 

Figure 2 shows measured ratios of a,/a, a8 a function 
of reduced temperature 7'/7°, for various frequencies in 
the tin sample, and in two different polycrystalline 
samples of indium. Comparison is made with the theory 
of Bardeen, Cooper, and Schrieffer by use of Eq. (2) 
The 
value of ¢) at absolute zero chosen for the curve of 
Fig. 2 is 1.75&7,, which is the value predicted by the 
theory. This is also the value which gives about the 
best fit to the experimental points. Although the meas 


and their calculated temperature variation of ¢ 


values of a,/a, 
below. the 
predicts, the agreement of the theory with experiment 


ured decrease’ somewhat faster just 


transition temperature than the theory 
on the whole is remarkably good 

Figure 3 shows the energy-gap variation with 7/7, 
as calculated from Eq. (2) using the tin data, Compari 
son is made here with the theoretical energy-gap vari 


ation, and again the agreement is quite satisfactory 


) 


an ee oe 
oo 


_— 








Fic. 3. Variation of ¢9(7) from tin data using Eq. (2) compared 
with theoretical variation assuming eo(0)=1.77k7, 
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(It will be noted that there is a slight dip in the experi- 
mental points near 7'/7,=0.7. This is not felt to be a 
real effect; it is, however, being investigated further.) 
It seems, therefore, that this preliminary comparison 
gives good support to the new theory of supercon 
ductivity. It would also appear as if one of the most 
direct ways of measuring the superconducting energy 
gap as a function of temperature is by means of ultra 
sonic attenuation 
Presumably one could also deduce similar information 
region kl<1. ‘The theory 
however, is essentially more complicated because 


from measurements for the 
here, 
the electron mean free path enters, and this will also 
depend upon the energy gap. One would expect that 
the electron mean free path would increase as the gap 
increases with decreasing temperature until eventually 
kl became greater than unity, the 
would become independent of electron mean free path. 
experimentally one gains support for this picture since 
for kl<1, the attenuation near the transition tem 
perature varies as the square of the frequency but 
becomes dependent on the first power of the frequency 
sufficiently far below the transition temperature. 

The authors would like to thank Professor Bardeen 
pointing out the between his 
theory and our measurements and for sending a table 


and attenuation 


for exact connection 


of values for the energy gap. They would also like to 


thank Mr. David Gavenda for his invaluable assistance 
in making the measurements 


* Supported by a grant from the Research Corporation and 
contract with the U.S. Air Force through the Office of Scientific 
Research of the Air Research and Development Command 

1L. Mackinnon, Phys. Rev. 100, 655 (1955) 

*?W. P. Mason and H. E. Bommel, J. Acoust 
(1955) 

bd Morse, 

‘Rk. W. Morse, 

®*A.B. Pippard, 


Soc. Am. 28, 930 


and Bohm, Phys. Rev. 101, 1610 (1956 
Phys. Rev. 97, 1716 (1955) 

Phil. Mag. 46, 1104 (1955 

*A. H. Wilson, The Theory of Metals (Cambridge 
Press, Cambridge, 1954), second edition, p. 293 

7’C. Kittel, Acta Metallurgica 3, 295 (1955) 

* Bardeen, and Schrieffer, Phys 
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Spin Resonance in LiF 


Couen,* W. KANzic, AND T. O. Wooprurr 


General Electric Research Laboratory, Schenectady, New Yor} 


(Received September 25, 1957) 


N previous work!” it was shown that by x-irradiation 
of LiF crystals at or below liquid nitrogen tem 
perature an electron deficiency center is created which 
can be described as an Fs molecule-ion and which 
probably is not associated 
imperfections. The original F, 


irreversibly and two new kinds of center appear if 


vacancies or other 


centers disappear 


with 
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the LiF crystal is subsequently warmed up to about 
130°K. One of these is also an F'.~ molecule-ion but 
probably associated with a vacancy pair; the other 
center, to be discussed in this letter, consists of an Fe, 
group presumably associated with a vacancy aggregate. 
The spin resonance of the F; ~ “center is readily sepa- 
rable from the spin resonance of the F.~ centers because 
of the much shorter relaxation time of the former. 

We can deduce the structure of the center 
directly from the gross features of the resonance 
spectrum, The over-all spread of the hyperfine spectrum 
for the new center is almost the same as for the F, 
centers, indicating that the resonance is also due to a 
The basic pattern consists of 8 
implying that the 


atomi 


hole on fluoride ions. 
hyperfine lines of equal intensity, 
with three fluorine nuclei. For special 
orientations of the de magnetic field the eight-line 
pattern ae ap a six-line pattern with the 
intensity ratio 1;2:1:1:2:1, indicating that two of the 
three nuclei are barby i.e., the nuclear configura- 
tion is an isosceles triangle. Two to six basic patterns 
are observed simultaneously, depending upon the orien- 
tation of the crystal in the d field. The 
analysis of this observation leads to the conclusion that 
the base of the triangle is a [110] axis and its plane a 
(O01) plane. All six [110] axes are equally populated. 
The triangle is flat, i.e., the nuclei are not far from col 
linearity. The simplest vacancy configuration that makes 
the center uncharged and complies with the observed 


hole interacts 


magnetic 


symmetry is the one proposed by Seitz’ for the V4 center 
(Fig. 1). 

For most orientations the basic eight-line pattern 
contains four independent line separations, which can 
be consistently described by three parameters, each 
parameter giving the contribution to the hyperfine 
2, 3). Thus, first- 


interaction of one nucleus a (a= 1, 


order perturbation theory is a good approximation for 


Fic. 1. Symmetry and orientation of the triatomic V center as 
deduced from the spin resonance spectra, The vacancy configura 
tion and the exact positions of the nuclei cannot be derived 
rigorously from the spectra, but the model proposed here is con 
sistent with our observations. 
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those orientations. ‘The observed anisotropy of the 
hyperfine - interaction is with the form 
gBS > ans? TS 1, T™ can be 
simplified by symmetry arguments. The principal axes 
X2, Yo, and zz of the tensor T® correspond to the axes 
[110], [110] and [001] of the crystal; whereas the 
principal axes of T°’ and T™ turn out to be tilted by 
6=17° as shown in Fig. 2. The magnitudes of the 
principal components listed in Table I enable us to 


consistent 
The three tensors 


draw important conclusions as to the nature of the 
wave function of the ground state: 

The traces of these tensors are comparable in mag 
nitude to the components themselves, whatever signs 
we choose for their components. Consequently, the 
wave function does not have nodes at the nuclei, and 
an appreciable s admixture must be assumed. This in 
turn shows that the ground state of this triatomi 
center is not derivable from a molecular po state 
because the wave function of any po state must have 
a node at the center nucleus 2 for symmetry reasons 
Nevertheless, the splitting from nucleus 2 is largest for 
H parallel to one of the six [110] axes. Therefore, the 
axis of the p function at nucleus 2 lies along the height 
of the triangle and not parallel to the base 

Kinetic energy considerations lead to the relative 
Confirmation 
for this assignment comes from overlap considerations 
The inequality of | 7°) and | 7, 
to overlap. For no overlap and no s admixture, we 
would have 7’, ‘% = 7,“ iT“, The s contribution 
to T,", T,“™ and 7 


the p contribution to 7‘. These two theorems lead 


signs of the p functions shown in Fig. 2. 


may be attributed 


is always of the same sign as 
us to the relative signs for 7, ,,.‘° 
tion of T into its s and p parts, T'’(s) and T'’(p), 
proposed in ‘Table I. The fact that | 7,’ (p) T, (p) 

suggests that overlap reduces the magnitude of the 
the the effect 
maximal in the xy plane, thus confirming the sign of 
the p functions, This is consistent with the reduction ol 


and the dec omposl 


wave function between atoms, being 


[iso] 


6-17" 


Fic. 2. Schematic representation of the ground state wave 
functions and their symmetry. The axes xg, Va, and fq (a= 1, 2,3 
are the principal axes of the tensors T‘« 
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rase I. Principal components of the tensors T‘*), The meas 
urements give only the absolute values of the total components 
The relative signs as well as the decomposition into s and p parts 
were obtained from a proposed interpretation of these data, 


T,(®) 
total Pp part 


T,‘*’ 


total 


T,‘*’ (gauss) 
total 


(gauss) (gauss) 


5 part PP part § part Pp part § part 


+1122 
+378 


+ 908 
+178 


+214 212 426 +214 268 482 
+200 +142 58 +200 +80 120 


+214 
+ 200 


relative to | 7',")(p)|. The tilt of the p func 
|T.(p)| 
from | 27," (p)| through overlap. Another consequence 
of the overlap is that this inward tilt is probably 


Ty“ (p) 


tions for a=1 and 3 similarly diminishes 


greater than @. 

The relative signs of the s-admixtures given in Fig, 2 
are suggested by crystalline field considerations based 
on the vacancy configuration of Fig. 1. 

A discussion of the spectroscopit splitting factor 
involves higher order analysis of the hyperfine structure 
and will be given in a forthcoming detailed paper. 

* Permanent address: Institute for the Study of Metals, Uni 
versity of Chicago, Chicago, Illinois 

1T, G. Castner and W. Kinzig, J 
published 

2'T. O. Woodruff and W. Kinzig 
Modern Phys. 26 


Phys. Chem, Solids (to be 


to be published) 


aT. Seitz, Revs 7 (1954) 


Dorfman’s Proposal Regarding Cyclotron 
Resonance in Ferromagnetic Substances* 


C, Kirrel 


Department of Physics, University of California, 
Berkeley, California 


(Received September 30, 1957) 


a. has recently made the interesting sug 


gestion that the spin-orbit interaction in ferro 


magnetic and ferrimagnetic substances provides an 
effective magnetic field (of the order of 10° oersteds) 
acting on the orbital motion of electron and hole charge 
carriers in these substances. He suggests that cyclotron 
(diamagnetic) resonance might therefore be detected at 
appropriate frequencies (of the order of 10" eps) in the 
absence of an applied external magnetic field. 
However, in a perfect crystal the spin orbit inter 
action is invariant under the translation group of the 
crystal, just as the Coulomb potential is invariant, and 
the electron eigenfunctions will be rigorously of the 
Bloch form e''uy(r), where uy, contains spatial and 
spin coordinates. Such states do not have the charac 
teristics of the Landau states of free particles in a 
uniform magnetic field. Indeed, it is well-known’ that 
the usual relation v=gradye for the group velocity 1 
as determined from the energy ¢ is valid regardless of 
the nature of the periodic potential. The galvanomag 


netic? and magneto-optical effects! in ferromagnetic 
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substances may not be described even qualitatively by 
replacing in the Hamiltonian the spin-orbit interaction 
by an effective magnetic field. Thus the effect predicted 
by Dorfman may not exist. It would be of considerable 
inetrest to investigate the question experimentally. 

* This research was supported in part by the Office of Naval 
Kesearch, the Signal Corps, the Air Force Office of Scientific 
Kesearch, and the National Security Agency 

' J. Dorfman, Doklady Akad. Nauk 110, 201 (1956) 

*R. Karplus and J. M. Luttinger, Phys. Rev. 95, 1154 (1954) 

1 J. Smit, Physica 21, $77 (1955); see also reference 2 

*C, Kittel, Phys. Rev. 83, 208 (1951); P. N. Argyres, Phys 
Rev. 97, 334 (1955) 


Nuclear Interaction of 140- to 218-Mev 
K* Mesons* 


Bb. Secut Zorn anv G. T. Zorn 


Brookhaven National Laboratory, U pton, New York 


HE study of the interaction of At mesons with 

photographic emulsion nuclei has been extended 
to K energies of 218 Mev. The nuclear emulsion stack 
used in this investigation was exposed at the Cosmotron 
in a separated K particle beam of 520 Mev/c incident 
momentum. Following the exposure, the plates were 
developed and processed in a standard fashion, and the 
scanning near the leading edge for tracks produced by 
218-Mev A particles was begun. All tracks selected in 
this scanning procedure were followed toward the 
trailing edge of the pellicle stack, a distance of approxi 
mately 9cm. The particles left the stack at ~ 140-Mev 
residual energy. In tracing the tracks through the emul 
sion, the following events were carefully noted: single 
scatterings with a projected angle 5 2°, nuclear inter 
actions resulting in at least one charged secondary, stops 
in flight (none of which were observed), and decays in 
Hight. Through detailed analysis a more precise classi 
fication of these events was made, and in the track 
scanning of 122 K-meson track we have 
identified 6 A-hydrogen scatterings (corresponding to a 
15+6 mb),! 638 elastic scat 
terings (uncorrected 161 
inelastic scatterings (with AFk/# 210%), 37 charge 
exchange scatterings, and 44 decays in flight (corre 


meters of 


A Pp cross section oK Hn 
for scanning efficiencies), 


Pani I. Inelastic mean free path 


nergy interval in Mes 140.170 170-189 189-205 205-218 


Irack length in meters 43.73 27.11 40.18 30.87 
Inelastic mean free path 
inccm 
A, incm 
Charge exchange mean free 
path, Ace, inem 
Charge exchange/non 
charge exchange 


Ay in cm 
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Fic. 1. Inelastic mean free path, A;, in cm vs AK *-meson kinetic 
energy in Mev. In giving the experimental results of other 
laboratories we have considered only those results in which the 
criterion used in the determination of the mean free path was 
similar to the one used in this investigation 


sponding to a mean life for the K meson of (1.03+0.15) 
X10~* sec). 

Considering the inelastic scatterings with AK/E 
210% and charge-exchange scatterings, we have 
evaluated the mean free path in nuclear emulsion for all 
inelastic events A;. This value averaged over our energy 
interval is 62_,** cm. Upon dividing our energy interval 
into smaller intervals and comparing the values of the 
mean free path for inelastic scattering in each interval, 
a decreasing \; with increasing energy is indicated (see 
Table 1). This decrease in mean free path with increas- 
ing energy is further confirmed through a comparison 
of A; observed by other investigators principally at 
lower energies.’ The comparison is made in Fig. 1 
where our results are also given. In this figure a best-fit 
curve has been drawn through the experimental points. 

In order to evaluate the A-nucleon cross section and 
investigate its variation with energy, we have used an 
optical model calculation for a spherical nucleus of 
uniform density which takes into account nuclear 


aoe: 
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Fic. 2. K-nucleon cross section ox —y vs kinetic energy in Mev 
Solid curve and the experimental points, corrected for Coulomb 
repulsion and the exclusion principle. Dashed curve, corrected also 
for reflection at the nuclear boundary due to a repulsive potential 
of 15 Mev 
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shading.’ Corrections were applied both for Coulomb 
repulsion of the K* by the nucleus, and for the effect of 
the exclusion principle inside the nucleus.‘ From the 
best-fit curve of Fig. 1 we have obtained the solid curve 
of Fig. 2, and in this same way the cross sections from 
our experimental points. The dashed curve shown in 
the same figure is the result of a further correction to 
include the effect of reflection at the nuclear boundary 
by a spherically symmetrical repulsive potential of 15 
Mev. One notes an increasing K-nucleon cross section 
with increasing energy; the most rapid rise in the cross 
section occurs in our energy interval. 

More detailed analyses are currently in progress, as 
regards both the elastic and inelastic nuclear inter 
actions. 


* Work performed under the auspices of the U.S. Atomic Energy 
Commission. 

! The kinetic energy in the lab and center-of-mass angle for each 
of these K~H events are: 181 Mev, 104°; 187 Mev, 92°; 163 Mev, 
85°; 167 Mev, 98°; 181 Mev, 146°; 198 Mev, 95°. 

2 Biswas, Ceccarelli-Fabbrichesi, Ceccarelli, Gottstain, Varsh 
neya, and Valoschek, Nuovo cimento 5, 123 (1957); Cocconi, 
Puppi, Quareni, and Stangellini, Nuovo cimento 5, 172 (1957), 
and G. Puppi (private communication); Bhowmik, Evans, 
Nilsson, Prowse, Anderson, Keefe, Kernan, and Losty, Nuovo 
cimento (to be published); Widgoff, Pevsner, Davis, Ritson, 
Schluter, and Henri, Phys. Rev. 107, 1430 (1957); Baldo-Ceolin, 
Cresti, Dallaporta, Grilli, Guerriero, Merlin, Salandin, and Zago, 
Nuovo cimento 5, 402, 1957; Lanutti, Chupp, Goldhaber, Gold 
haber, Puppi, and Quareni (private communication); Hoang, 
Kaplon, and Cester, Phys. Rev. 107, 1698 (1957). 

3B. Rossi, High-Energy Particles (Prentice-Hall, Inc., 
York, 1952), p. 359; (ro= 1.38 107 cm) 

4 The calculation of this correction has been made by R. Stern 
heimer, Phys. Rev. 106, 1027 (1957) and refers to a A-nucleon 
scattering process which is isotropic in the center-of-mass system 
The correction has been made under the assumption that the A * 
energy is reduced by 25 Mev on entering the nucleus 

‘In making these calculations no allowance was made for those 
inelastic events with AE/E 10% which escaped detection. The 
effect of their inclusion, however, has been estimated. By using 
the model described by Sternheimer (reference 4), it is found that 
on the average in our energy interval A; would be decreased by 
~6% and ox-—n increased by ~1.5 mb. An estimate can also be 
made by using the observed energy-loss distribution for inelastic 
events and extrapolating it to zero. In this way we find that A, 
should be decreased by ~4°/, and ox«—w increased by ~1 mb 
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Detection of Ga°’ Positron Polarization by 
the Annihilation-in-Flight Rate in 
Polarized Matter 


S. FRANKEL,* P. G. HANSEN,t O. NATHAN, AND 
G. M. Temmert 
Institute for Theoretical Physics, University of Copenhagen 
Copenhagen, Denmark 


(Received September 23, 1957 


ARIOUS schemes have recently been employed for 
the detection of longitudinal electron polariza 
tion.'~* We wish to report here yet another method 
appropriate for positrons only. Both electrostatic de- 
flection followed by Mott scattering,’ and Mller scat- 
tering in magnetized foils,? are methods with better 
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analyzing power for negatrons than for positrons. We 
therefore thought it worthwhile to explore the method 
of positron annihilation-in-flight in magnetized media 

Our method is based on the difference which exists 
in the annihilation-in-flight rates for the M=0 and 
M =1 magnetic substates formed by the incident, longi 
tudinally polarized positron and the polarized electron 
partner in magnetized material. One may easily see 
from the that in) two-quantum 
annihilation-in-flight, where one of the 
emitted in the forward direction, only the M 
can contribute. Even if we accept annihilation quanta 


conservation laws 
quanta is 


0 state 


over a large solid angle in the forward direction, the 
M =0 annihilation rate may still predominate over the 
M=1 rate.’ We make use of this discrimination to 
investigate the longitudinal polarization of positrons 
from Ga*®, We have, in fact, observed a consistent 
counting-rate difference for two antiparallel magnetiza 
tion directions in a magnetized foil bombarded with 
monochromatic positrons from a source of Ga®. The 
energetic positron branch to the ground state of Zn 
most probably represents a beta transition of the pure 
Fermi type (Ot—-0*). Recent 
yielded conflicting evidence concerning the state of 


measurements’ have 
polarization of these positrons. 

Figure 1 shows the experimental arrangement. The 
final beam spot at /) has a diameter of 14 mm and 
strikes the central member of a stack of high-permea 
bility iron-nickel transformer laminations® inclined at 
$5° to the beam. The magnetic foil is thick enough to 
stop 2-Mev positrons and carries a measured saturation 
flux density of 15 000 gauss. Because of multiple seat 
tering of the positrons’ the advantage of the intrinsic 
peaking of the 
section is almost entirely lost, and we find it necessary 


forward annihilation-in-flight cross 
to move our detector as close as possible to the anni 
hilator to obtain sufficient counting rates 

Figure 2 shows typical gamma-ray spectra for 2-Mey 
and 1.5-Mev positrons annihilating in iron, along with 
background checks at zero Jens current. Maximum 
gamma-rav energies for foward emission are indicated 
by arrows. ‘The exact shape of these curves is governed 
by the details of the slowing-down process and multiple 
scattering of the positrons in iron, as well as the gamma 
ray response function of the crystal, but their main 
features display the expected behavior. The background 
curve is seen to coalesce with the spectra just above the 
calculated maximum values of 2.78-Mev and 2.27-Mev 
for 2-Mev and 1.5-Mev positrons, respectively 

A large peak at 511 kev, not shown in the figure, 
measures the number of positrons annihilating at rest 
(~90% of all incident 
valuable monitor for possible systematic 
introduced upon reversing the magnetizing current of 
the foil (other than gain changes in the photomultiplier, 
which we found to be completely absent). We find less 
than 0.8% difference (in a direction opposite to the 
observed polarization effect) in the counting rates on 


positrons) and serves as a 


differences 
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Schematic drawing of experimental arrangement for the detection of positron annihilation-in-flight 


primary thin lens forming image of source S at J1; 
energizing coils for magnetized 
Nal crystal. Cross-hatched regions represent lead 


shielding. No shielding inside vacuum tube beyond point A 


this peak where our statistical accuracy is rather high 
(~0.2%). About 0.3% of difference 
accounted for by the change in the annihilation-in-flight 
rates. Another check run with a copper foil (thick 
enough to stop the positrons) covering the magnetized 
iron gave a difference in the annihilation-in-flight rates 
of up to 140.3%, between the two directions of mag- 
netization, the difference being opposite to that observed 
with magnetized material. Part of this effect (~0.3%) 
is believed due to the relative absorption of the cir- 
cularly polarized quanta by the magnetized iron and 
is of the proper sign.‘ We made no attempt to correct 
our actual runs for the remaining unexplained (~™0).7%) 
effect and therefore believe that the differences obtained 
with iron may represent lower limits. 


this can be 
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Fic. 2. Typical annihilation-in-flight spectra obtained with 
positrons from Ga®. (A) Energy distribution of gamma rays 
produced by 2-Mevy positrons incident on iron. Cal ulated upper 
energy limit at 2.78 Mev is indicated by arrow. (B) Energy dis 
tribution of gamma rays produced by 1.5-Mev positrons incident 
on iron, Calculated upper energy limit at 2.27 Mev is indicated 
by arrow. (C) Background spectrum of gamma rays obtained 
with zero current in ZL, and J». Crosses and dots refer to runs 
taken with opposite directions of magnetization in the annihilator 
foil. Curves are shown only to illustrate general behavior and not 
to display polarization eflects 


A 300-millicurie source of Ga® was produced by the 
Cu®(a,n)Ga® reaction with 20-Mev alpha particles 
from the Institute’s cyclotron. We were able to obtain 
a 100-millicurie source of about 1 mg/cm? thickness and 
2 mm diameter by ion-exchange techniques. We ob- 
served a consistent excess of M=0 over M=1 counting 
rates, the average over many runs being tabulated in 
Table I. The total annihilation-in-flight counting rate 
at the beginning of the run was of the order of 200 cps. 
We show the results for both 2.0- and 1.5-Mev positrons, 
along with the uncertainties due to counting statistics 
alone. In all cases we have summed the results of ten 
adjacent channels, corresponding to gamma-ray energy 
intervals of about 280 kev. We checked the gain sta- 
bility of the system periodically with 2.62-Mev gamma 
rays from a thorium source. The background in the 
2-Mev runs never exceeded 15%, but contributed up 
to 30% in the 1.5-Mev measurements, making the 
latter less reliable. It may be seen from Table I that 
the size of the effect decreases as we go to lower 
gamma-energy channels; this we believe to be due to the 
multiple scattering in the foil and the consequent 
decrease in the anisotropy 6 to be expected," and also 
to some depolarization by magnetic scattering in the 
foil. 

From the fact that the observed effect near the upper 
energy limit lies close to the theoretically expected 
maximum value, we conclude that the positrons leading 
to the ground-state of Ga® are highly polarized in the 
direction of motion. This conclusion is in agreement 
with the measurements on the circular polarization of 
annihilation quanta.‘ 


TABLE I. Percent counting rate differences for opposite direc 
tions of the magnetization current. The indicated errors are from 
counting statistics only 


Percent counting rate differences 


Eg =1.5 Mev hg* 2.0 Mev 


y-ray energy interve 
(Mev) 


0.85 
1.13-1.42 
1.42-1.70 
1.70-1.99 
1.99--2.27 
2.27-2.55 
2.55-2.84 


1.13 1.6404 
1.7+0.6 
2.940.7 
0.5+0.8 
3.5+1.5 


0140.2 
1.1+0.3 
1.6+04 
0.1+40.! 
1.2+0.! 
1.5+0 
3.441 
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Let us define the polarization P of the positron beam as 
P=(N*+—N~-)/(Nt+N-). (N*, N~ represents number of #* 
spins parallel and antiparallel to the 6* momentum, respec 
tively.) Designating the annihilation cross sections for M=0 and 
V=1 by oo and ai, their ratio ao/o1 by R, and the counting rates 
for polarized electron spins parallel and antiparallel to the positron 
momentum by C, and Cg, respectively, we easily obtain the 
following expression for our iron-nickel alloy (Zeq= 27): Ca/C, 

=1+0.0741nP(R—1)/(R+1) =14+6, with mn, the effective 
number of electron spins aligned parallel to the incident positron 
beam, equal to Ng cosé/gs. Na is the effective number of Bohr 
magnetons per atom for the material used (1.7) and g is the elec 
tronic gyromagnetic ratio (s=4, and we assume g=2 for want of 
a more accurate value). If we insert values of R appropriate for our 
geometry with an approximate acceptance cone of 45 degrees 
half-angle, we obtain the theoretical values 6= 1.69) and 6= 2.4%, 
for completely polarized positrons of 2 Mev and 1.5 Mev, respec 
tively. The larger effects observed at the highest photon energies 
indicate that the effective acceptance cone is narrower since RK 
increases with decreasing acceptance angle. This is as expected 
since the energetic positrons producing the higher energy gamma 
rays have undergone less multiple scattering. 
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Photoproduction of Pion Pairs in Hydrogen* 


MicHeL Birocu AND MATTHEW SANDS 


California Institute of Technology, Pasadena, California 
(Received August 23, 1957) 


EGATIVE pions from the interaction of 7 rays 
with protons are presumed to arise from events 
in which two or more pions are produced. Pions which 
emerge from a high-density, hydrogen-gas target in the 
bremsstrahlung beam of the Caltech synchrotron have 
been selected for charge and momentum by a wedge 
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magnet analyzer and detected in a scintillation-counter 
telescope. Discrimination against electrons was obtained 
with a Cerenkov counter in anticoincidence. 

The yields of negative pions obtained at a laboratory 
angle of 60° for several pion laboratory energies 7 and 
for several bremsstrahlung cutoff energies Ryax are given 
in Fig. 1(a). The yields, d’0*/d7_dQ_, are expressed as 
a cross section per proton, per effective quantum (the 
energy flux divided by the maximum photon energy), 
and per unit energy and solid angle of the emitted 
pions. The yields obtained at a laboratory angle of 
120° are given in Fig. 1(b). The photon beam was 
thick 


dependence has been calibrated against a 


monitored with a ionization chamber whose 
energy 
“quantameter” constructed according to the design of 
Wilson.' Other instrumental parameters were calibrated 
by using the yield of positive pions from the single 
production resonance with the synchrotron operating 
at 500 Mev. Background runs with an evacuated target 
gave corrections of from 5% to 15% of the hydrogen 
yields. Smaller corrections have been made for counts 
due to cosmic rays and accidental coincidences, The 
arrows in the figure indicate the energy thresholds for 
the production of pion pairs with one pion at the 
required energy and angle. 

The data for a maximum bremsstrahlung energy of 
600 Mev agree with the results reported by Friedman 
and Crowe.’ The results for 50-Mev pions at 60° show 
qualitative features similar to those reported from 
Cornell at 35° 

Owing to the finite thickness of the radiator in the 
synchrotron, the energy spectrum of the photon beam 


used for these experiments does not have the ideal 
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hic, 1, Yields of negative pions from +, p, as a function of the 
bremsstrahlung cutoff energy kwex, for pion kinetic energies 7 
and laboratory angles 6 
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bremsstrahlung (dk/k) energy dependence. The increase 
of the yield with increasing bremsstrahlung cutoff 
energy shown in the figure does not, therefore, represent 
solely the contribution from the photons of the highest 
energies. A detailed analysis of the differences in the 
yields will be deferred until the completion of a pro- 
jected measurement of the energy spectrum of the 
photon beam 

A preliminary analysis has been performed using a 
photon spectrum computed for an assumed effective 
radiator thickness. This analysis yields for the center- 
of-momentum system, a differential cross section per 
unit energy and solid angle of the negative pion (and 
per photon), which varies slowly with the pion energy 
(falling to zero at the maximum permissible energy) 
The cross section shows no large dependence on the 
pion angle from 90° to 150° (c.m.). The integral of this 
cross section over the negative-pion energy is con 
sistent 5 10-” cm? 
sterad for all photon energies from 600 to 1100 Mev. 


with a constant value of about 
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HE recent discovery of parity nonconservation in 


B decay, m decay, and yw decay has made it 
extremely important to find out whether parity is also 
violated in hyperon decay 

In order to study hyperon production and decay we 
have exposed a 10-inch hydrogen bubble chamber to a 
beam of 1.12 Bev ‘cm 


according to the reactions 


es 


r +poz 


mesons. Hyperons are produced 


A+ A", 
PA, 
x + p—2°+ K° 


We have established the following facts about the 
decay A->p+_m~: (1) The degree of nonconservation of 
parity is very large. (2) Charge conjugation invariance 
is also violated. 

We have found no statistically significant evidence 
22 =~ decays, 


a 


of parity nonconservation in a sample of 
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This may be the result of lack of polarization or lack 
of parity violation in 2~ decay, or both. (The findings 
of emulsion workers suggest that parity nonconserva- 
tion in 2~ decay may be small.) 

Lee et al.” have given a phenomenological discussion 
of hyperon production and decay, assuming that the K° 
spin is zero and the A spin is }. We follow their notation 
and write 


Pin c.m. momentum of the incoming r 

Pa c.m. momentum of the A produced. 
hyperon production angle (between pj, and pa). 
projection of the c.m. momentum of the decay 
in the direction of pinX pa. 
R/(maximum value of R). 
the polarization of the A produced at the angle 6 
the expectation value of the spin of the A in the 
direction of pinX pa, in units of $h. 


/(@)=the c.m. differential production cross section. 


The decay distribution function for £ is given by 
W (0,€)dQdE= 1(0)dQl 1+aP (0)E |\dé/2, (4) 


where the asymmetry coefficient a must lie between — 1 
and 1. The existence of a nonvanishing a@ constitutes an 
unambiguous proof of parity nonconservation in A 
decay. 

Integration of Eq. (4) over all production angles 6 
yields 


We\dt=[ S1(0)dQ)\(1+aP dé /2. (5) 


If we designate by .\,, the number of decays having 
£>0, then integration of Eq. (5) over & yields 
Vis A down 


aP (6) 


b(Nup+Naown) 


Qur photographs for A-+p+_m~ fall into two cate- 
yories: (1) 76 double V° events, where both the A and 
K® decays are observed. (2) 277 single V° events, where 
only the A decay is observed. (In both categories the 
disappearance of the incident m~ is of course observed.) 

We have analyzed 76 double V° events corresponding 
to reaction (1). In addition we have performed a 
preliminary analysis on the 277 single V° events, which 
include A’s from reaction (1) and secondary A’s from 
reaction (3), No attempt has yet been made to separate 
out those single V°’s which are secondary A’s from L° 
decay.* In this preliminary analysis a single V° event 
is called a A decay (i.e., rather than a K° decay) provided 
that (a) the laboratory angle between the momentum 
of the positive decay fragment and that of the neutral 
parent is <25°, and (b) the negative decay fragment 
makes a larger laboratory angle than does the positive 
fragment, with respect to the momentum of the neutral 
parent.‘ 


Qur total sample of 764+-277=353 A decays yields 


48+167=215, Naown= 28+ 110= 138, (7) 


\ up 





ro 


from which, according to (6), 


aP=0.44+0.11. (8) 


If parity were conserved, and hence a=0 were the 


true value, we would have .V.,=.Vaown, on the average 
The odds against a statistical fluctuation as large or 
larger than that which would be needed to give our 
result (7) are better than 10* to 1. We conclude that 
parity conservation is violated in A decay. 

We can compare our value of |a| with the maximum 
value of ja! allowed by invariance under charge con- 
jugation, Using the 7CP theorem, Gatto® has calculated 
this maximum value and finds |a!) 2 0.184-0.02, which 
is inconsistent with our result (8) (since |P| 21). We 
conclude that the A decay interaction violates charge 
conjugation invariance as well as parity conservation. 

We wish to thank Luis W. Alvarez for his continued 
interest and guidance; Hugh Bradner and James D. 
Gow for their generous help in many phases of the 
experiment; Robert Watt, Glen Eckman, and_ the 
bubble chamber crews for the beautiful pictures they 
supplied to us; Edward Lofgren, Harry Heard, and the 
Bevatron crews for their friendly assistance, and finally 
our supporting group of graduate students, scanners, 
and computors, without whose unfailing cooperation 
the experiment would not have been done. 


* This work has been performed under the auspices of the U. S 
Atomic Energy Commission 

t A preliminary account of this work was reported in an invited 
paper by H. K. Ticho at the Boulder meeting of the American 
Physical Society, September 5-7, 1957 [ Bull. Am. Phys. Soc. Ser 
II, 2, 316 (1957) ] 

t Now at Max-Planck-Institut fur Physik, Géttingen, Germany 

§ On leave from the University of [linois, Urbana, [linois 

Now at the University of California at Los Angeles, Cali 
fornia 

1 Jn nuclear emulsion many K~ mesons have been brought to 
rest and captured from atomic orbits according to the reaction 
K~+p-2*+7*, where p represents a proton which is part of a 
nucleus. The © and m tracks are in general not collinear, so one 
can define a “production plane,” and look for an up-down asym 
metry in Y decay. Compiling the emulsion data and using the 
notation of this letter, one finds for the mode Y*+-—>p+7, af 

0.3740.19, for Yton+nrt, a,P 0.36+0.21, but for 
Ly nt+n-, a_P=—0.1. 40.26. We wish to thank the Berkeley, 
Géttingen, Livermore, and Naval Research Laboratory emulsion 
groups for their private communications 

2 Lee, Steinberger, Feinberg, Kabir, and Yang, Phys 
106, 1367 (1957) 

4 Analysis of the double V°’s shows that reaction (1) is about 
three times as common as reaction (3). R. Gatto has shown 
(private communication) that the magnitude of the polarization 
of such secondary A’s (averaged over the 2° decay solid angle) is 
} that of the 2's .Thus even if the 2s were highly polarized 
their contribution would have a very small effect on our result 

‘We estimate that in our sample the contamination of K®-+2z 
decays allowed by this criterion is about 15°). We are indebted 
to Dr. Melvin Schwartz for pointing out this simple way of 
eliminating most of the A°’s from the single V's 

5 This result is in excellent agreement with results of similar 
experiments performed at Brookhaven and analyzed by the 
Bologna, Columbia, Michigan, and Pisa groups. Those data were 
compiled at the recent Venice-Padova Conference, 1957; they 
are Nyp—129, Ndown= 81, so aP =0,46+0.14. Their asymmetry 
for 2~—»n+-r~ is much smaller, also in agreement with our result 
and that for emulsion 

*R. Gatto, Phys. Rev. 108 
private communications 
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Test of Charge-Conjugation Invariance in 
Hyperon Decay* 


R. Garrot 
Radiation Laboratory, University of California 
Berkeley, California 


(Received October 8, 1957) 


he evidence for noninvariance under charge con 
jugation (C) in B decay and in the w and yw decays 
was based on a theorem due to Lee, Oehme, and Yang, 
which states that, in decays where final-state inter 
actions can be neglected, no pseudoscalars of the form 
the decay distribution if C is 


(o-p) appear in 


conserved.! In the decay of a hyperon into nucleon plus 


can 


pion, a strong final-state interaction is present and 
therefore a quantitative estimate of the limits imposed 
by C invariance to the coeflicients of the (a: p) terms 
is necessary before drawing conclusions on the question 
of conservation of C for such decays. Recent experi 
mental results on up-down asymmetry in A->p+-— 


> 0.44-+0.11.? 


that we 


indicate an parameter |a 
From the 0.18+0.02, 
here for A>p+m under the assumption of C invariance 


asymmetry 
limitation ja vive 
we can conclude that C is not conserved in A decay. It 
might be appropriate to remark that the argument is 
based on the 7CP theorem 
conservation of C is based on the validity of the 707 


all evidence so far against 


theorem 
We write the final amplitude from A decay in the 
and ¢, are the initial spin and 


form 7y,¢;, where x, 


isotopic spin states respectively, and 7 is a matrix in 


the spin and isotopic spin spaces. In the expansion 


Pelyt lytic a change 
Al=J in isotopic spin, only 74 and 7) contribute to 
A~»nucleon+_m. They are of the form 7,= ¢,+/,(a-k), 
T'y= gaths(a-k), where the g’s and h’s are complex 
numbers, @ is the Pauli spin operator, and k is a unit 


where 7'y produces 


vector in the direction of the emitted pion. The decay 


*p+m 
I+(oe),:Tr{7,'eT7; | 


distribution for A is given by 


Tr[7;'7; | 
1+alA *p 


G(k) 
Ae | a7. k 


where (a), is the A polarization vector, 7; is that part 
of T which contributes to decay 
alA >p 
served we can write, using the 7CP theorem, 


Into pram and 


) is the asymmetry parameter.’ If C is con 


gi=Gye'™, gy=Gye'%, hy=iye'™, = hy=1llye'™, 

where the G’s and //’s are real numbers, and the a’s 
are the relevant nucleon-pion phase shifts for a total 
kinetic energy in the center-of-mass system equal to 
the O value in the decay.'! With such substitutions we 


can write the asymmetry parameter in the form 


al(A *p {(A) (A vyve+ Boyug t+ Crov44+ Dogs) 


where {(A)=(1+44)/(14+44), A being defined by 
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(relative frequency of A->p+a” to A-n+7n")=2+4; 
A, B, C, and D are parameters proportional to the sines 
of differences of phase shifts and the real numbers », 
have to satisfy >) v?=1. Definining a vector v with 
components v;, this condition can be written as (v,v) = 1, 
and a(A-+p— ) can be put in the form (4) (v,mv) where 
m is the symmetric 4X4-matrix associated to the 
quadratic form in a(A—+p—). The maximum and the 
minimum of a(A-»p—) are therefore given by the 
maximum and minimum eigenvalues, respectively, of 
the matrix {(A)m. Such two eigenvalues have the same 
magnitude, and by direct calculation one finds 


a(A—+p—)| < (1/22) f(A)LS+ (S?— P?)4)), 
where 


S=4 sin*(ay ay)4 2 sin* (ay ~@j)) 


+-2 sin?(ay 


and 1? = 16 sin®(a@,;—az3) sin*(ay,;—~a3,). Taking the value 
0.324+0.05 reported by Steinberger’s group for the 
fraction of A particles undergoing neutral decay,‘ and 
for the pion-nucleon phase shifts the values reported by 
Anderson,® we find |a(A—+>p— )| <0.18+-0.02, if charge- 
conjugation invariance is satisfied. Similar limitations, 
under the hypothesis of conservation of C, can be 
given for the asymmetry parameters of 2 decays. We 
assume spin 4 for &. The limitation m—) | 

ayi)| for Y~ decay, where only one final 
isotopic spin state can occur, is given in reference 3. 
The phase shifts are taken at an energy equal to the 
decay ( value. We find that |a(2*t—+p0)) <(1/2v2) 
* e(V)[ R+ (R?—0*)! |), where g(I') = 414-41), I being 
detined by (relative frequency of 2 * 
Lt p+") =1+1T, 


R sin’ (ay ayy) + 2 sin* (ag 


a31) +sin*(ay—agi), 


a(d 


sin (ay 


m+mrt to 


ayy) 


+2 sin?(a@y— ag) +4 sin?(ay— a1), 
()? = 16 sin®(ay—ay) sin*(ay,;— ag) 5 


|a(Zt+—on+- )| <(1/2V2)A(P)LU + (U?- 


where 


)* A, 


A(')=4(1+4r)/A+1), 


and 


a1) +2 sin? (a3—ay1) 
+2 sin?(a;- 
Taking the value 0.454-0.06 for the ratio ({+—>n+r*) 
to the total X* decay rate,* and using the nucleon-pion 
phase shifts from reference 5, we find |a(2>-—+n—) 
<0.14+0.06, |a(Zt—>p0) | <0.2740.04, |a(Z+—n+) | 
<0.37+0.06, if C is conserved. For hyperons with spin 
} the decay distributions will not in general be describ- 
able with a single parameter a. If C is conserved, the 
total asymmetry will still be severely limited for A de- 
cay, but presumably only weakly limited for 2 decay, 
because of the large ays. One argument for A spin $, that 
based on the mesonic-decay to nonmesonic-decay ratio 
in hyperfragments,’ may turn out to be inaccurate if a 
large p wave is observed in A decay. Because of the low 


U=4 sin*(ay 


31) +sin*(a3— a3). 
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final momentum, a large up-down asymmetry in A de- 
cay will be an important test for theories which predict 
the relative amount of parity-conserving and parity- 
nonconserving interactions on the basis of a universal 
interaction. The knowledge of the frequency ratio 
(A-p—)/(A->n0), of a(A—p—), and of a(A—>n0), to- 
gether with the total decay rate, would constitute essen- 
tial information on the A-decay matrix.* If the present 
value for the A branching ratio is taken as an evidence 
in any case incomplete—in favor of AJ = 4 * in A decay, 
then a(A—>n0) is predicted to be equal to a(A—p—). 

The author is indebted to the members of the Alvarez 
group, in particular to Frank Crawford, Bud Good, 
Lynn Stevenson, and Frank Solmitz, for discussions 
and for information on their experimental results. 


* This work was done under the auspices of the U. S. Atomic 
Energy Commission. 
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a Wu ef al.' showed that space inversion invari- 
ance is violated, the study of 8 decay entered into 
a new stage. At present we have not yet reached any 
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Fic. 1. Experimental correction factor for the RaE 8 spectrum 
obtained by Plassmann and Langer." The error, +1°%, of each 
count is taken into account in addition to the uncertainty, +1%, 
of the maximum electron energy 


definite conclusion about the type of the B-decay inter 
action. The aim of this short note is to point out that, 
if the Gamow-Teller component of the 6-decay inter- 
Cy’ !4 (C and 
C’ are the parity conserving and nonconserving coupling 


action is of the tensor type? and if Cr 


constants respectively), it is very difficult to explain the 
shape of the 8 spectrum of Rak by the Fermi theory‘ 
unless all of the following conditions are met approxi- 
mately: (a) the Fermi component is of the scalar type, 
(b) Cs Cg’, and (c) Cs/Cr 

The peculiar shape of the 6 spectrum of Rak (spin 


real, 
change 1~ to 0*) has been understood as a special case 
where accidental cancellations among several nuclear 
matrix elements take place.® For these anlayses it is 
necessary to apply the finite nuclear size correction® * 
(in the broad meaning) to the formulas by Konopinski 
and Uhlenbeck.® Recently, a development of the cancel- 
lation theory” showed that the main part of this cor 
rection can be included legitimately by merely replacing 
the ordinary nuclear radius in the Konopinski and 
Uhlenbeck formulas for a7 <1 by the “effective nuclear 
radii,” which are expected to be about the same as or 
somewhat larger than the ordinary one. In the case of 
RaE this simplest version of the “effective radii theory” 
is certainly valid for cancellations down to 1/100 if each 
partial main term has the normal order of magnitude, 
This theory also suggests that the screening correction 
1S negligible in this case 

The spectrum has been measured precisely by many 
persons."'? The experimental correction factor is shown 
in Fig. 1, in which we determined the width of the curve 
by taking into account the uncertainties; +1% in the 
+ 1% 


order to compare it with our “effective radii theory’ 


maximum energy Wo and in each count.” In 


, 


we expand the experimental curve in a finite power 
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series in W: 


C(W)=a71/W +a 9+-a,W+a.W’. (1) 
From Fig. 1 we can prove that —a,/a,>7 if a.>0. By 
neglecting the axial vector interaction? and assuming 
time reversal invariance™ for nuclear interactions, the 
theoretical expressions for a, and a2 are written simply 
as (for notation, see reference 9): 


4f aZ 2Wo 
31 2p, (Sr) 3 


fasr( Cr 24 Cr (if Br)* 


aZ f BaXr 
x] Spa 
2p\(BaXr) 
fasy(|Cy|?+ (Cv) GS Br)* (iS) 
(1/9)Wo(|Cr|?+)|Cr’|*)| fBeXr}? 


(4/9)Wo(|Cv|?+/Cv'|?)| Srl*, (2a) 


a2= (8/9)(|Cg|?+1Cs'|*)| fpr}? 
+ (1/9) (|Cr|?+1Cr’ |?) {Bax r|? 
+ (4/9)(|Cy|*+|Cy'|?) 


Sri*>0. (2b) 


Here, p;(Br)*and pi(BaX 1) “arefeffe tiveTnuc learfradii 
which may somewhat differ from each other, and 


asT Re(CsC7* + Cs'Cr'*) ( C71 a Cy’ *) (da) 
If we use the Fierz condition, then 
asy (), (3b) 


From (2) and (3b) we can easily see that the inter 
ference term between S and 7’ (agr term) is important 
to make —4a,/d, large enough to fit the experimental 
results. In particular, the experimental data are incom 
0, for which 


take an unreasonable negative value for p,(Ar). It is 


patible with Qasr (;/ a2 Wo unless we 
interesting to note that ag7=0 for such cases as (a) the 
V7T(P) interaction, (b) Cs/Cr=Cs'/Cr' 
inary, where the two-component neutrino theory® is 
13 . 7 
e : OF 


Cr’, where the two-component theory is 


pure imag 
valid but time-reversal invarian is not, (c) C, 
and Cy 
not valid. However, if |agr! takes the maximum value, 
under the restriction [Cgl*#4+|Cgs'|*4+/Cy 
constant, the situation is still the same as 


QAmax, 

t | Cy’ 
in the previous analyses® and there exists a region of 
parameters consistent with the experimental data 
illustrate the 
Qmax we also performed numerical calculations 
Cy’=0 and 


In order to how spectrum favors 


QSsT 


putting Cy 


aZ/{ 2p;(Br) |=aZ/[ 2p;(BaX r) |= 13.3 


J ’ 


which led to the conclusion that !agr! 


v2 is 


incompatible with the experimental data. ‘This con 


a 
S Qinax 


clusion seems to be insensitive to the details of the 
values of the effective radii 
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Thus our present analysis has made clear that the 
8 spectrum of RaE definitely favors (ag) = 
this simplest case the S7(/) interaction, the two-com- 
ponent neutrino theory,’ and time-reversal invariance® 
are all valid. For the second forbidden 6 spectrum of 
Cs!’ the situation is quite similar. A more detailed 
account taking into account the axial vector coupling 
will appear elsewhere. 

The authors express their sincere thanks to Dr. M. 
Morita and Dr. K. Kotani for valuable suggestions. 
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UCH experimental information has been obtained 
recently on the depolarization of positive mesons 
in matter,’ but as yet there appears to be no adequate 
quantitative understanding of the causes of depolariza 
tion. ‘The primary purpose of this note is to suggest a 
mechanism for depolarization which does not appear 
to have been considered thus far. First a brief discussion 
of various causes of depolarization will be given with 
particular application to muons in gases. 
Depolarization of an incident beam of polarized 
muons which is stopped in matter will occur if different 
muons are subjected during their lifetime to different 
magnetic fields of sufficient intensity so that their spins 


THE EDITOR 

precess through different and appreciable angles. For a 
free muon in a gas the probability of reorientation in a 
collision with a gas atom or molecule can be estimated. 
Suppose the muon is at thermal energy for which its 
velocity is approximately 10° cm/sec (the conclusion 
will be the same for higher energy muons). A charac- 
teristic collision time will then be 10~™ sec, and, if the 
muon is subjected to a magnetic field of 7X 10* gauss 
during the collision (which arises from a magnetic 
moment of 1 Bohr magneton at a distance of do, the 
Bohr radius of hydrogen, and which is as large a field as 
can be expected), the spin will precess through an angle 
of 610° radian. Hence because of the random 
direction of the precession from collision to collision 
some 310° collisions are necessary to produce an 
appreciable change in spin direction. For a gas at a 
pressure of 100 atmos, the collision rate is 10" to 10” 
sec, and thus during the 210~*-sec lifetime of the 
muon no appreciable reorientation of the spin will 
occur, The formation of muonium (yute~) and its de- 
polarizing effects have been discussed.’ At a gas pressure 
of 100 atmos, depolarization due to the capture and 
loss of electrons by the muon is negligible. 

The additional depolarizing mechanism suggested 
here is associated with the possible formation of a 
molecular ion by the attachment of a wt meson to a 
neutral gas atom or molecule. Since the muon mass is 
much greater than the electron mass (m,~207 m,), 
the Born-Oppenheimer approximation for molecular 
theory® is applicable to a molecule containing a y* 
meson. As a specific example, consider the molecular 
ion Hey*. In the Born-Oppenheimer approximation 
the electronic states of Heyut will be the same as those 
of HeH*. Hence the ground state of Heu* will be a '2 
electronic state with a binding energy against dissoci- 
ation into He and y* of about 1.9 ev.* The fundamental 
vibrational frequency of Heu* will be greater than that 
of HeH* by the factor (M,/M,)!, in which M, is the 
reduced mass of HeH* and M, is the reduced mass of 
Hey*. It corresponds to an energy of about 1.2 ev, so 
the lowest two vibrational states should be stable. 
Many low rotational states will also be stable. In any 
but the J=0 rotational state there will be a magnetic 
field arising from the molecular rotation at the position 
of the muon, which causes a spin-rotation interaction. 
The Hamiltonian term % for this spin-rotation inter- 
action energy is given by® 


Inbal Tix P; 
= ———1-F+2uag-——, (1) 
crA : tui 


in which w,=eh/(2m,c); g.=gyromagnetic ratio for yu 
meson (~2); /=spin of w meson (= 4); g=charge of 
He nucleus (= 2e); r= internuclear distance between 4 
meson and He nucleus; A=moment of inertia of 
molecular ion; J=rotational angular momentum of 


molecular ion; wo= Bohr magneton; r,;= radius vector 





from u* meson to the jth electron; P;= linear momen- 
tum of the jth electron. 

Theoretical evaluation of the spin-rotational inter- 
action operator (1) is difficult. However, measurements 
have been made by radiofrequency and microwave 
spectroscopy of the spin-rotation interactions in many 
neutral 'Y molecules. The effective magnetic fields at 
the nuclei range from about 1 to 30 gauss per rotation 
quantum number. Specifically, in Hy the magnetic 
field at a proton is 27 gauss in the J/=1 state.* In Hey* 
in the J=1 state an effective magnetic field at the yt 
meson larger than 27 gauss can be expected because of 
the smaller value of A as compared with Hy. Since a 
muon precesses through 27 radians in a field of 33 gauss 
during its lifetime of 2.2 10~® sec, such a field would 
have an important depolarizing effect. Estimates of the 
interaction potential between a wt meson and a rare 
gas atom, which assume that it arises from the field of 
the electric dipole moment induced in the atom by the 
muon, indicate that the system of a wt meson and a 
rare gas atom should be stable in low vibrational states. 
Still more generally a muon should form a stable bound 
system with other atoms and molecules. Equation (1) 
with minor modifications gives the spin-rotation inter 
ation for any linear 'Y molecule, and corresponding 
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operators have been derived for more complex mole 
cules. In general, the magnetic field due to rotation in 
molecular ions containing yt 
depolarization. Furthermore, of course, if the nucleus 
has a magnetic dipole moment, the resulting magnetic 
field at the muon can cause depolarization. In Hy, the 


can be expected to cause 


field at one proton due to the other is 34 gauss,® but in 
many molecules in the J field 
due to rotation is larger than the nuclear magnetic 
dipole field. 

Helpful discussions with R. Garwin and H, Margenau 
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